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PAnP   9,10-bis(diphenylphosphino)anthracene 
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Firstly, a luminescent gold rectangle [(µ-PAnP)2(µ-bipy)2Au4](OTf)4 (1⋅(OTf)4) 
(PAnP = 9,10-bis(diphenylphosphino)anthracene, bipy = 4,4’-bipyridine, OTf = 
CF3SO3-) is synthesized from the reaction between [(µ-PAnP)Au2](OTf)2 and bipy. 
The X-ray crystal structure of the metallocyclophane shows a large rectangular cavity 
with dimension of 7.92×16.76 Å. 1⋅(OTf)4 displays an intense pi →pi* absorption in 
320 – 480 nm and a fluorescence which maximizes at 480 nm (Φem = 0.04). The 
cyclic voltammetry of 1⋅(OTf)4 shows a metal-centered irreversible reduction at -1.2 
V vs Cp2Fe+/0. In the solid state, the 14+ ions stack in columns and form two-
dimensional networks via complementary Ph – Ph interactions. 1H NMR titrations 
show that 14+ forms 1 : 1 host-guest complexes with the electron-rich aromatic 
molecules p-dimethoxybenzene (Dmb), biphenyl (Bip), phenanthrene (Phen), 
naphthalene (Nap), anthracene (An), 9-bromoanthracene (Br-An), 9-
methoxyanthracene, 9-anthracenecarboxylic acid, 9-anthracenecarbonitrile (NC-An), 
and pyrene (Py). The X-ray crystal structures of the inclusion complexes 
(1⊃An)⋅(OTf)4, (1⊃Br-An)⋅(OTf)4 and (1⊃Py)⋅(OTf)4 show that the guests are 
intercalated between and the bipy ligands in a staggered manner. The binding induces 
conformational changes in the 14+ ion; the most pronounced effect is the shortening of 
the width of the rectangle which is related to the binding strength. The binding 
constants KNMR and the changes in chemical shifts of the guest and host protons (∆δ) 
induced by binding are obtained by 1H NMR titrations. The fluorescence of 14+ is 
quenched upon the guest binding and the binding constants KQ for Nap, Phen, An, Py 
are obtained by fluorescence titrations. The values of KNMR and KQ are similar, 
indicating that the quenching happens within the inclusion complex. Possible 
mechanisms of the quenching are discussed. The solution and solid state UV-vis 
 VII 
absorption spectra of the inclusion complexes show absorption tails in 500 – 800 nm 
which are attributed to charge transfer absorptions. The fluorescence of the guests is 
attenuated by the absorption of 14+ as the pi →pi*transition of the complex overlaps 
extensively with the fluorescence. The driving forces for the complexation are 
discussed. The free energy of binding –∆GNMR correlates reasonably well with the 
solubility and the molecular polarizability of the guests, implying that solvophobic 
effect and ion-dipole interactions play an important role in stabilizing the inclusion 
complexes.   
Secondly, the reactions of PAnP and different silver salts AgX (X = OTf-, PF6-, 
BF4- and ClO4-) were studied. The objective is to isolate the products of the reactions, 
and to examine the effects of anions and solvents on the product distribution. Similar 
to other reactions between AgI ion and diphosphine or dipyridine ligands, the reaction 
between PAnP and AgI produces oligomeric and polymeric complexes. Six new 
complexes were isolated and structurally characterized. These include helical chains 
{[Ag(µ-PAnP)(CH3CN)][OTf]∙0.5CH3CN}n (1), {[Ag(µ-PAnP)(CH3CN)][ClO4]}n 
(2a) and {[Ag(µ-PAnP)(CH3CN)][PF6]}n (3a), the tetrameric [Ag(µ-
PAnP)]4[ClO4]4∙4CH2Cl2 (2b), the dimeric [Ag(µ-
PAnP)(CH3CN)2]2[PF6]2∙1.5Et2O∙0.35CH2Cl2 (3b), and the trimeric [Ag(µ-
PAnP)]3[BF4]3∙4Et2O∙CH3OH (4). The complexes display rich exchange dynamics in 





























A major facet of host-guest chemistry is to understand molecular recognition, 
a multitude of processes and interactions that lies at the heart of many biological 
phenomena.1 On the practical side, the knowledge gleaned from the studies provides 
leads for the design of artificial supramolecules that are applicable in advanced 
technologies such as catalysis, chemical sensing, molecular machinery and 
electronics.2 Traditionally, the field has been dominated by organic molecules and the 
host-guest chemistry of receptors such as crown ether,3 cryptand4 and cyclophanes5 
have been extensively studied. Recently, there is a burgeoning interest in the 
inorganic counterparts of cyclophanes, often known as metallacyclophanes or 
metallacycles. This class of compounds is commonly synthesized by the coordination-
directed self-assembly of transition metal and multitopic ligands.6 This synthetic 
methodology has been proved to be very versatile and far-reaching as based on it a 
myriad of molecular triangles,7 squares,7d,8 rectangles,8y,9 pentagons,10 hexagons,11 
marcocycles,12 polyhedrons and cages13 have been created. The space of possible 
structures arising from the metal-directed self-assembly is limited by using metal ions 
that have invariable coordination numbers and geometry, i.e. square planar d8 PdII, PtII 
and octahedral d6 ReI, RuII ions, and bidentate ligands that are conformationally rigid, 
i.e. 4,4’-bipyridine (bipy) and trans-1,2-bis(pyridyl)ethane (bpe).7,8,9 The number of 
possible products can be further constrained by the error-correction of the self-
assembly which is an attribute of the kinetically labile metal-ligand interactions.14 A 
major advantage of metallacyclophanes over the organic cyclophanes is their 
modularity that allows control over and fine tuning of their dimensions, topology, 
electronic properties and binding selectivity. Furthermore, it is rather synthetically 
 3 
straightforward to introduce functional units such as catalytic,7i,15 luminescent7c,d, 
8n,o,p,s,tx,9f,l,m,n,11b,12d,16 or redox-active centers8r,16b,17 into the frameworks of the 
metallacyclophanes. These properties of metallacyclophanes entail their potential 
applications in advanced materials and indeed significant progress in the engineering 
of metallacyclophanes into luminescent and electrochemical sensors, molecular 
sieves, and catalysts has been made in recent years. 15,16,17,18 Asides from the practical 
aspects, a study of the thermodynamic and kinetic aspects of the self-assembly of 
metallacyclophanes would provide important insights into the evolution and 
emergence of complex structures.14,19 
That self-assembled metallacycles can act as receptors for organic molecules 
was first demonstrated by Maverick in his study of the binding of 1,4-
diazabicyclo[2,2,2]octane to a cofacial dicopper(II) macrocycle.20 Fujita et al first 
showed the self-assembly of the molecular squares [M4(en)4(µ-bipy)4](NO3)8 (M = 
PdII, PtII, en = 1,2-diaminoethane, bipy = 4,4’-bipyridine) which bind to neutral and 
anionic aromatic molecules.8b,c Later studies showed that binuclear PdII-macrocycles 
which contain flexible and electron-deficient linkers could exhibit shape selectivity 
and higher affinity for electron-rich aromatics.21 The substrate-binding properties of 
metallacycles of ZnII,22 RuII,23 PdII,8i,9j,24 PtII,8i,k, ,24,25 RhI,16d ReI,7d,8o,9e and OsVI26 were 
studied. The metallacycles form inclusion complexes with guests as diverse as 
substituted benzenes,7d,8b,c,11g,18d,21,22,23, anthracenes,9j,22 square planar PdII and PtII, 
and metalloporphyrin complexes.8o,9e The binding invokes pi − pi interactions between 
the aromatic rings of the hosts and guests9j,11g,22 but in some cases, other interactions 
such as hydrogen bonds,8y,26 metal-ligand coordination,8i,25b and metal-metal bonds9j 
are also involved in stabilizing the host-guest complexes. In one interesting case, the 
binding of tetramethylpyrazine and phenazine to Pt2Pd2 and Pt4 squares is assisted via 
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the Lewis acidic Ag+ ion which coordinates to both the host and the guest.8i,25b 
Aromatic guests are usually incarcerated in the cavity of the metallacyclophanes.9j,22 
However, there are some notable exceptions, e.g., volatile organic molecules are 
found confined in the intermolecular cavities of the thin film of the molecular 
rectangles [M4(CO)12(µ-bipy)(bipm)2] (M = MnI or ReI, bipm = deprotonated 2,2’-
bipyridimine).9f A tetranuclear PtII4-cyclophane was also shown to bind two 9-
methylanthracene molecules, one in its cavity and another one on the outer-face of the 
complex.9j Metallacyclophanes whose luminescence is responsive to the binding of 
the substrate are of special interest because of the potential applications of the 
compounds in chemical sensing. Examples of this class of compounds include the 
molecular rectangles [M4(CO)12(µ-bipy)(bipm)2],9d,e,f a RhI2-cyclophane16d and 
various ReI4,7d,8o,16e,18e ReI2PdII218d and RuII4 squares,23 and ReI3 and RuII3 
triangles.7d,23. 
Stability of the host-guest complex and substrate selectivity are two major 
concerns in designing metalloctyclophane-based receptors. The principle of 
stereoelectronic complementarity27 states that for a receptor to display substrate 
selectivity, its geometry and the electronic (stereoelectronic) properties have to be 
complementary to those of the designated guests. In addition, preorganization of the 
binding site also favors complexation by minimizing the free energy required for 
conformation changes.28 Based on these principles, one would expect molecular 
rectangles which contain extended pi-surface aromatic ligands to be selective receptors 
for planar polyaromatic molecules. Molecular rectangles8y,9 are less common than 
molecular squares. Among the early reported molecular rectangles are binuclear PdII 
complexes which can be assembled into [2]catenanes.9a,b Other examples are 
[M4(CO)12(µ-bipy)(bipm)2] (M = MnI and ReI),9d,e,f [Pt4(PEt3)8(µ-anth2-)2(µ-L)]4+ 
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(anth = anthracene-1,8-diyl, L = bipy, 1,4-bis(4-ethynylpyridyl)benzene, 2,5-bis(4-
ethynylpyridyl)furan or bpe)9g,h and rectangles bearing cofacial terpyridyl PdII 
complexes.9j  
The work of this chapter stemmed from recent studies of the ligand 9,10-
bis(diphenylphosphino)anthracene (PAnP) (Scheme 1.1).12e The ligand, containing an 
anthracenyl ring, can impart luminescence to its metal complexes, as exemplified by 
the gold ring [Au3(µ-PAnP)3⊃ClO4](ClO4)2 reported recently which display intense 
pipi* fluorescence in solution.12e Another special feature of PAnP is the adjustable bite 
distance between the two PPh2 donor groups, which is an attribute of the flexible 
anthracenyl backbone. The study showed that the two P-Au-X units of the binuclear 
Au2(µ-PAnP)X2 (X = Cl and Br) are syn-oriented and widely separated (dAu-Au = 
9.154(2)Å).29 This conformation gives the complex a U-shape geometry and an 
approximate C2v symmetry, which invites the application of the [Au2(µ-PAnP)]2+ unit 
as a molecular “clip” in assembling the molecular rectangles as depicted in Scheme 
1.1. The idea of using molecular “clip” in assembling metallacycles was illustrated by 
the recent work of Stang in which the organoplatinum clip [Pt2(µ-anth2-)(OTf)2] clip 
was used in self-assembly of the molecular rectangles [Pt4(PEt3)8(µ-anth2-)2(µ-
L)2](PF6)4 (L = bipy, bpe, 1,4-bis(4-ethynylpyridyl)benzene, 2,5-bis(4-
ethynylpyridyl)furan), cages and trigonal prisms.9g,h,30 Rheingold and Bosnich also 
demonstrated that a molecular cleft comprising cofacial terpyridyl PdII complexes can 
combine with bipy to form molecular rectangle and trigonal prisms with large 
cavity.9j,31 The well known propensity32 of gold(I) for linear coordination geometry 
has been exploited in constructing metallacycles and catenanes.33 As shown in the 
work of Puddephatt, coupling the digold(I) complexes  [Au2(µ-
Ph2P(CH2)mPPh2)(CF3CO2)2] (n = 1, 3, 5)  with the ditopic diisocyanobenzene, bipy 
 6 
or bpe (L’) gives rise to the metallacycles [Au4(µ-Ph2P(CH2)mPPh2)2(µ-L’)2](OTf)4.34 
In view of these findings, it was envisioned that the molecular rectangle [Au4(µ-
PAnP)2(µ-bipy)2](OTf)4 (1⋅(OTf)4) could be assembled from two Au2(µ-PAnP)2+ clips 
and two bipy (Scheme 1.1). Described in this chapter are the synthesis, spectroscopy, 
electrochemistry and host-guest chemistry of the luminescent gold rectangle. 
Analogous to the cyclophanes containing 4,4’-bipyridinium groups,35 such as, 
Stoddart’s cyclobis(paraquat-p-phenylene) ion36 (CBPQT4+, Scheme 1.2), the gold 
rectangle is a receptor for the various aromatic molecules depicted in Scheme 1.3. 
The X-ray crystal structures and solid state assembly of the metallacyclophane and the 
inclusion complexes of 14+ and anthracene, pyrene and 9-bromoanthracene are 
discussed. The binding constants for the aromatic guests were determined by 1H NMR 
and fluorescence titrations. The complexation between 14+ and the aromatic guests, 
which have different molecular dimensions, substituents, and extent of pi-conjugation, 
provides insights into the factors which govern the stability of the host-guest 
complexes. 
 7 






























































































































































1.2 Results and Discussion 
 
1.2.1 Structure of Au2(µ-PAnP)(NO3)2·0.5Et2O 
 
 Reacting Au2(µ-PAnP)Cl2 with 2 mol equiv. of AgNO3 in CH2Cl2 gives 
Au2(µ-PAnP)(NO3)2 in a moderate yield of 57 %. The X-ray crystal structure of the 
complex (Figure 1.1 and Table 1.1) shows a U-shape geometry similar to that of 
Au2(µ-PAnP)Cl2.29 The two gold atoms are positioned syn to each other and the long 
intramolecular Au-Au distance of 9.197(3) Å is close to the Au-Au separation of 
9.154(2) Å observed in Au2(µ-PAnP)Cl2.29 One of the gold atoms, Au(2), is 
coordinated linearly to an O atom of the NO3- ion and a P atom of the PAnP (P(2)-
Au(2)-O(4) = 177.0(3)°). On the other hand, the NO3- ion coordinated to the other 
gold atom, Au(1), is disordered equally over two positions A and B. In the site B, the 
NO3- ion is monodentate, having one of its oxygen atoms (O(4)) coordinated to the 
metal center whereas the NO3- ion in the site A acts as a chelating ligand as two of its 
oxygen atoms (O(1A) and O(2A)) are bonded to the gold atom. The chelation is 
asymmetric with the Au(1)-O(2A) bond (2.43(3) Å) being much longer than the 
Au(1)-O(1A) bond (2.19(4) Å). The Au-P (2.208(2), 2.213(2) Å) distances are 
typical29,44, and the Au(2)-O(4) (2.092(7) Å) and Au(1)-O(1B) (2.11(2) Å) distances 
are close to the ones observed in Au(PMe3)(NO3) (Au-O = 2.093(6) Å).44 The central 
anthracenyl backbone is slightly curved toward the metal ions and the dihedral angle 
between the two lateral rings is 15.5°. In the crystal, the molecules aggregate into 
dimers in which the P-Au-O units of two molecules are crossed, showing 












Table 1.1 Selected bond lengths (Å) and angles (deg) of Au2(µ-
PAnP)(NO3)2·0.5Et2O 
Au(1)-O(1B) 2.11(2) P(1)-Au(1)-O(1A) 162.5(1) 
Au(1)-O(1A) 2.19(4) P(1)-Au(1)-O(2A) 145.0(8) 
Au(1)-O(2A) 2.43(3) P(1)-Au(1)-(O1B) 178.8(8) 
Au(1)-P(1) 2.208(2) O(1A)-Au(1)-O(1B) 49.6(6) 
Au(2)-O(4) 2.092(7) P(2)-Au(2)-O(4) 177.0(3) 
Au(2)-P(2) 2.213(2) Au(1)-Au(2) 3.375(6) 
 12 
Å), observed widely in the solid state aggregations of AuI complexes, have been taken 
as the structural evidence for aurophilic interactions.45 In addition, the two concaved 
anthracenyl rings partially overlap, and the separation between their best planes is 3.7 
Å, which is typical for aromatic pi − pi interactions.46 It is possible that the solid state 
aggregation of the gold complex is the result of cooperative actions of aurophilic and 
aromatic pi – pi interactions. While one of the NO3- ligand is disordered in the solid 
state, the 31P NMR spectrum (121.5 MHz, CDCl3) of the complex shows a singlet at δ 
20.31. This indicates that the complex reverts to C2v symmetry in solution with both 
NO3- ions adopting the same coordination mode.  
  
Figure 1.1 ORTEP diagram of Au2(µ-PAnP)(NO3)2·0.5Et2O showing the 
dimerization of the complex in the solid state via aurophilic attraction. Hydrogen 
atoms and solvent molecules are omitted for clarity. Thermal ellipsoids are shown at 




1.2.2 Synthesis of the Gold Rectangle 
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 The gold rectangle [Au4(µ-PAnP)2(µ-bipy)2](NO3)4 (1·(NO3)4) was 
synthesized in a high yield of 82 % by reacting the molecular “clip” Au2(µ-
PAnP)(NO3)2 with 1 mol equiv. of 4,4’-bipyridine (bipy) in CH2Cl2 for 5 h (Scheme 
1.1). The product 1·(NO3)4 was slowly precipitated from the reacting solution as 
yellow solids. Metatheses of 1·(NO3)4 with NaOTf, LiClO4, NaPF6 gives 1·(OTf)4, 
1·(ClO4)4 and 1·(PF6)4, respectively. The nitrate compound is different from the rest in 
term of solubility: while 1·(NO3)4 is entirely insoluble in CH2Cl2, CH3CN and MeOH 
but dissolve fairly well in a mixture of CH2Cl2/MeOH (8:2, v/v), the other three 
compounds are soluble in CH3CN, or a CH2Cl2/MeOH mixture but sparingly soluble 
in CH2Cl2. The 1H NMR spectra of all the gold complexes are basically identical and 
will be discussed later. Consistent with the rectangular structure of 14+, the 
31P{1H}NMR spectra (CD3CN, 121 MHz) of 1·(OTf)4 (δ 22.76), 1·(ClO4)4 (δ 22.89) 
and 1·(PF6)4 (δ 22.89) display a singlet at almost the same chemical shift. However, 
the corresponding singlet of 1·(NO3)4 occurs at δ 21.35. It could be due to the fact that 
instead of CD3CN, CD2Cl2/CD3OH (8:2, v/v) mixture was used in the measurement.  
The ESI-MS spectra of 1·(NO3)4, 1·(OTf)4, 1·(ClO4)4 and 1·(PF6)4 (Figure 1.2-
1.13) measured in CH3CN display significant peaks which can be attributed to the 
triply charged species (14++NO3)3+ (m/z 751.39, calcd. 751.77), (14++OTf)3+ (m/z 
780.37, calcd. 780.76), (14++ClO4)3+ (m/z 763.51 calcd. 764.09) and (14++PF6)3+ (m/z 
779.18, calcd. 779.43), respectively. The assignments are further confirmed by 
calculated isotopic distributions (Figure A4, 5, 9, 10, 14, 15, 19, 20). The most 
prominent peaks in the spectra of 1·(NO3)4, 1·(OTf)4 and 1·(ClO4)4 belong to the 
“half-rectangle” [Au2(µ-PAnP)(bipy)+X]+ (X = NO3, OTf and ClO4) (A2, 3, 7, 8, 12, 
13). On the other hand, no “half-rectangle” peak is observed in the ES-MS of 1·(PF6)4. 
Instead the largest peak of the spectrum at m/z 1241.40 (calcd. 1241.6) is identified by 
 14 
simulated isotopic distributions as doubly charged (14++2PF6)2+ (A17, 18). These 
results lend support to the rectangular structure of 14+ and suggest the stability of the 
gold complexes in solutions. Elemental analyses of the compounds also agree well 
with the proposed molecular formulae. The structure of 1·(OTf)4 was confirmed by X-
ray crystallography (vide infra). Among all these salts, 1·(OTf)4 is the only one that 
can be crystallized, and hence the focus of the present study.  
 






Figure 1.3 Simulated ESI-MS peak for [Au2(µ-PAnP)(bipy)+NO3]+(Left). 










Figure 1.4 Simulated ESI-MS peak for (14++NO3]3+(Left). Experimental ESI-MS 























Figure 1.6 Simulated ESI-MS peak for [Au2(µ-PAnP)(bipy)+OTf]+(Left). 











Figure 1.7 Simulated ESI-MS peak for (14++OTf]3+(Left). Experimental ESI-MS 



























Figure 1.9 Simulated ESI-MS peak for [Au2(µ-PAnP)(bipy)+ClO4]+(Left). 













Figure 1.10 Simulated ESI-MS peak for (14++ClO4]3+Left). Experimental ESI-MS 























Figure 1.12 Simulated ESI-MS peak for (14++2PF6)2+(Left). Experimental ESI-MS 














Figure 1.13 Simulated ESI-MS peak for (14++PF6]3+(Left). Experimental ESI-MS 





A simpler and almost quantitative synthesis (yield = 82 %) of 1·(OTf)4 
involves the reaction of Au2(µ-PAnP)(OTf)2 generated in situ from the reaction of 
(AuCl)2(µ-PAnP) and AgOTf in CH2Cl2, with 1 mol. equiv. of bipy (Scheme 1.1). 
Attempts to isolate Au2(µ-PAnP)(OTf)2 were unsuccessful as the compound slowly 
decomposes in the solid state. Nonetheless, the 31P NMR spectrum (121.5 MHz, 
CD2Cl2) of Au2(µ-PAnP)(OTf)2 prepared in situ shows a singlet at δ 21.66, 
suggesting that the complex could have a C2v “clip”–like structure similar to that of 
Au2(µ-PAnP)(NO3)2. The self-assembly of 1·(OTf)4 is completed within 5 h at room 
temperature as indicated by the precipitation of the product from the solution.  
Puddephatt et al have shown that the reactions of 
[Au2(PPh2(CH2)mPPh2)(CF3CO2)2] (m = 1, 3, 5) with linear dipyridyl ligands would 
give rise to either the metallacycles or coordination polymers.34 And it is possible that 
the species undergo dynamic exchange in solutions. It is therefore surprising that the 
reaction between Au2(µ-PAnP)(OTf)2 or Au2(µ-PAnP)(NO3)2 and bipy invariably 
gives the molecular rectangle as the major product. This suggests the macrocylic 14+ 
could be favored either thermodynamically or kinetically. Apparently, entropy would 
favor the formation of discrete 1·(OTf)4 over the polymer and higher oligomers. We 
believe that an additional driving force for the formation of the gold rectangle could 
come from the insolubility of the metallacyclophane in reacting solvent CH2Cl2 as the 
precipitation would shift the equilibrium towards the formation of the 
metallacyclophane. The syn-orientation of the two Au atoms in the molecular clips 
Au2(µ-PAnP)(X)2 (X = NO3 and OTf) would also favor the formation of the 
macrocylic structure, as in the case of the metallacycle [Au4(µ-Ph2PCH2PPh2)2(µ-
bipy)2](CF3CO2)4.34a,b,c,d As be discussed later, it appears that the marcocyclic 14+ is 
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also kinetically favor: once formed, the complex is locked in the rectangular structure 
and would not open up to form the polymer.  
The self-assembly is sensitive to the anions: when AgClO4 or AgBF4 is used 
instead of AgCF3SO3, the reported ring-like compound [Au3(µ-
PAnP)3⊃ClO4](ClO4)212eor [Au3(µ-PAnP)3⊃BF4](BF4)247 is identified by NMR and 
X-ray crystallography as the major product. This suggests the tetrahedral ClO4- and 
BF4- ions may have a template effect that promotes have ring formation. In fact, like 
many other metallacycles arising from anion-templation, the gold rings an anion in 
their cavities.2d,10a,19a,48 When AgPF6 is used, the compound decomposes to colloidal 
gold. It could be that the PF6- ion, being poorly coordinating, is unable to stabilize the 
[Au2(µ-PAnP)]2+ ion. 1·(OTf)4 is stable in solid state but it undergoes slow 
decomposition in solution under light.  
 
1.2.3 X-ray Crystal Structure of 1·(OTf)4·4.8H2O 
 
 The crystals of 1·(OTf)4·4.8H2O, which crystalised in the monoclinic space 
group C2/m, were obtained by slow diffusion of ether into a CH2Cl2/MeOH (8:2, v/v) 
solution of the gold compound. The X-ray crystal structure 1·(OTf)4·4.8H2O reveals a 
tetracation 14+ comprising two opposite [Au2[(µ-PAnP)]2+ units linked by two bipy 
ligands (Figures 1.14a,b,c and Tables 3.1 and 1.2, see Scheme for Table 1.2 for the 
definitions of the structural parameters). The 14+ ion has a rectangular shape and is 
fenced on its four sides by the anthracenyl and pyridyl rings. The tetracation shows an 
approximate C2h symmetry where the C2 axis bisects the two pyridyl rings of the bipy 
and the center of inversion coincides with the center of the rectangle. Four OTf- ions 
are located around the rim of each 14+ ion. The CF3 groups of the anions are 
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disordered over two positions. 14+ contains a large cavity: the distance between the 
centroids of the opposite anthracenyl rings X-X’ is 16.76 Å.  The width of the 
rectangle, taken as the distance between the γ-carbon (γ-C-γ-C) of the two opposite 
bipy ligands, is 7.92 Å. Although both the 14+ and CBPQT4+ ions are rectangular in 






Figure 1.14a ORTEP diagram of 1·(OTf)4·4.8H2O showing the top view of the 14+ 
ion. Hydrogen atoms, anions and H2O molecule are omitted for clarity. Thermal 
ellipsoids are shown at 50 % probability. 
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Figure 1.14b ORTEP diagram of 1·(OTf)4·4.8H2O showing the side view of the 14+ 
ion.  
 
Figure 1.14c Space filling representation of 1·(OTf)4·4.8H2O. Hydrogen atoms, 
anions and H2O are omitted. 
 
 
The 14+ ion is slightly bellied on its four sides. For the long side of the 
rectangle, the angle χ  subtended by the two Au-N bonds is 16.8°. The bulging is due 
to the divergence of the Au-P bonds from the long meridian (C(anthracenyl)-P(1)-
Au(1) = 108.7(3)°), the slight bending of the bipy (N(1)-C(3)-C(3A) = 175.8(3)°), and 
the offset between the central axis of the bipy and the Au-P bond (Au(1)-N(1)-C(3) = 
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173.4(4)°). The bulging of the shorter side of the rectangle P(1)-C(6)-C(6A)-P(1A) is 
mainly due to the out of plane distortion of the central ring of the anthracenyl 
backbone: the angle φ subtended by the P-C(anthracenyl) bonds is 22.3°. The 
distortion significantly shortens the Au-Au distance from 9.154(2) Å in Au2(µ-
PAnP)(NO3)2 to 7.069(3) Å in 14+. Since the Au centers are now closer to the 
anthracenyl rings, steric repulsion between the metal atoms and the peripheral 
hydrogen atoms of the rings would become more sever. To alleviate the repulsion, the 
anthracenyl rings in the 14+ are curved away from the Au atoms; the dihedral  between 
the two lateral rings of the anthracenyl backbone is 16.4°. These conformational 
changes are possible because the backbone is highly flexible. Apparently, the 
shortening of Au-Au distance and the bending of the bipy observed in 14+ are to 
maintain the linear metal coordination (P(1)-Au(1)-N(1) = 177.4(4)°) which is the 
preferal geometry for the  AuI ion. The two pyridyl rings of the bipy are not coplanar, 
showing a twist angle θ of 21.69°. The Au-P and Au-N bond lengths are normal. The 
internal C(anthracenyl)-P-Au angle of 108.7(3)° is close to the ideal tetrahedral. The 
two opposite anthracenyl rings are parallel and tilted towards one end of the rectangle. 
The tilt angle ϖ, defined as the angle between the normal of the ring and long 
meridian X-X of the rectangle, is 43.7°. The eight phenyl rings in 14+ can be grouped 
into two geometrically different sets: four axially-oriented phenyl rings (Phax) and 
four equatorially-oriented phenyl rings (Pheq) (Figure 1.14b). Possibly, the 
anthracenyl rings are tilted in order to minimize the steric repulsion with the nearly 
vertical Phax rings. The Phax rings at the two ends of 14+ pointing in opposite 
directions are related by a C2 rotation. Similarly, the four Pheq rings are equivalent. 
However, the Phax are diastereotopic with the Pheq rings.
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1Intrannular Au-Au, P-P and N-N, γ−C-γ−C distances. 2d = interplanar distance between the 4,4’-bipyridine and the aromatic 
guest, defined as the difference between b (the perpendicular distance between a carbon atom and the plane of the aromatic guest) 
and a (distance between the carbon atom in the best plane of bipy ) 3X-X = distance between the centroids of the two anthrancenyl 
rings in 14+. 4θ = twist angle between the two pyridyl rings of the bipy. 5ϖ = tilt angle of the anthracenyl rings, defined as the 
angle between the normal of the best plane of the anthrancenyl ring and the long meridian of the rectangle. 6φ = angle subtended 
by the two P-C bonds of the PAnP ligand. 7χ = angle subtended by the two Au-N bonds. 8τ  = angle between the long axis of the 
aromatic guest and the central axis of the bipy. 9ε = dihedral angle between the lateral rings in the anthracenyl ring.  
 
Table 1.2 Selected bond length (Å), angles (deg) and other structural parameters of 1 (OTf)4·4.8H2O, 
(1⊃An)·(OTf)4, (1⊃Py)·(OTf)4·CH2Cl2 and (1⊃Br-An)·(OTf)4·Et2O 
 
 1 (OTf)4·4.8H2O (1⊃An)·(OTf)4 (1⊃Py)·(OTf)4·CH2Cl2 (1⊃Br-An)·(OTf)4·Et2O 
Au-Au1 (Å) 7.069(3) 6.854(2) 6.811(2) 6.526(2), 6.604(2) 
P-P1 (Å) 6.375(3) 6.351(3) 6.342(2) 6.255(4), 6.256(4) 
N-N1 (Å) 7.665(3) 7.229(2) 7.102(3) 6.767(4), 6.910(4) 
γ-C-γ-C1 (Å) 7.921(3) 7.341(4) 7.187(3) 6.980(4), 6.981(4) 
Au(1)-P(1) (Å) 2.255(2) 2.239(3) 2.247(4) 2.240(4), 2.246(4) 
Au(1)-N(1) (Å) 2.044(1) 2.052(3) 2.063(1) 2.073(1), 2.071(1) 
C(6)-P(1)-Au(1) (deg) 108.7(3) 110.0(3) 110.4(1) 109.4(5), 109.5(5) 
P(1)-Au(1)-N(1) (deg) 177.4(4) 178.5(3) 177.7(3) 175.0(4), 178.5(5) 
Au(1)-N(1)-C(3) (deg) 173.4(4) 175.9(4) 176.8(3) 175.6(4), 176.4(4) 
N(1)-C(3)-C(3a) (deg) 175.8(3) 177.5(3) 178.7(2) 177.5(4) 
d2 (Å)  3.645(2) 3.552(8) 3.401(4) 
X-X 3 (Å) 16.76 16.76 17.05 16.95 
θ 4 (deg)
 
21.69 10.42 3.60 2.71 
ϖ 5 (deg) 43.7 43.3 47.4 56.5, 49.9 
φ 6 (deg) 22.3 30.5 31.4 40.0 
χ7 (deg) 16.8 10.5 8.0 13.2 
τ 8 (deg)  12.4 0.9 25.9 
ε 9 (deg) 16.4 14.7 21.9 21.4, 19.4 
 27 































 i (Å) 4.988 
 
4.900 4.954 5.078, 5.316 
j (Å) 3.496, 3.279 
 
3.484, 3.279 3.438, 3.395 3.3123, 3.493, 3.518, 3.629 
k (Å) 6.025 
 
5.996 5.962 5.995 
Dihedral angle between Phax 
and Pheq (deg) 
87.8 89.0 89.4 88.1, 89.9 
Dihedral angle between haxPh  
and taxPh  or 
h
eqPh  and 
t
eqPh (deg) 
0.0 0.0 0.0 7.9, 5.4 
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1.2.4 Solution Structure of 1·(OTf)4 
 
 Some metallacyclophanes are known to dissociate or undergo dynamic 
exchanges with other oligomeric or polymeric structures in solution.7b,8h,s Of 
particular relevance to the present study is the work of the Puddephatt group which 
suggested the presence of equilibria between the tetragold(I) metallacyles [Au4(µ-
PPh2(CH2)mPPh2)2(µ-L’)2](CF3CO2)4 (m = 3 - 6, L’ = bipy, bpe or 1,4-
diisocyanobenzene) and the corresponding coordination polymers [Au2(µ-
PPh2(CH2)mPPh2)(µ-L’)]n(CF3CO2)2n.34 In some cases, the exchange could be 
complex, involving the polymer and other species arising from the ring opening.34e 
However, it is believed that 14+ is stable and retains its macrocyclic structures. First of 
all, if 1·(OTf)4 equilibrates with the polymer [Au2(µ-PAnP)(µ-bipy)]n(OTf)n, or other 
oligomeric species in solution, one would expect significant broadening of the 1H and 
31P NMR signals or even appearance of new peaks at low temperature. This is not the 
case for 14+, consistent with the C2h symmetry displayed by the crystal structure, the 
31P{1H} NMR spectrum (CD3CN, 121 MHz) (Figure 1.15) of the complex displays a 
singlet at δ 22.76 the line shape of which does not change markedly even at 243 K. 
The 1H NMR signals of the ligands (anthracenyl, Ph, and bipy) are slightly broadened 
as the temperature is lowered from 298 K to 243 K (Figure 1.15). But this can be 
aptly explained by a fluxional process involving the flipping of the anthracenyl rings 
(Scheme 1.4). Due to their tilted positions, the two ends of the anthracenyl rings in 
14+ become non-equivalent. As such the protons H1,4 and H5,8, and the H2,3 and H6,7 
are expected to display different signals. These resonances coalesce into two 
multiplets at δ 7.34 (H1,4,5,8) and 8.42 (H2,3,6,7) at room temperature. This indicates a 
fast exchange between the protons, i.e. H2,3 ↔ H6,7 and H1,4 ↔ H5,8 in solution. 
 29 
 Figure 1.15 Variable temperature 1H NMR (CD3CN, 300 MHz) spectra of 
1·(OTf)4. Inset is the VT 31P{1H} (CD3CN, 121 MHz) NMR spectra.  
 
In view of the structure of 14+, we propose that the fluxional process is an interchange 
between 2 identical conformers (Scheme 1.4). The exchange involves flipping of the 
anthracenyl rings arising from the rotation  
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of the rings around the P-C(anthracencyl) axes. Concomitant with the flipping is an 
exchange between the diastereotopic Phax and Pheq (Phax↔ Pheq). That the peaks are not 
resolved even at 243 K is an indication that the exchange is very facile. The proposed 
exchange mechanism also entails equivalence of the P atoms in the exchanging 
partners. In support of this, the VT 31P{1H} NMR measurements shows a singlet at δ 
22.76 which remains unchanged in the temperature range of 300-243 K. As the bipy 
are twisted in the solid state structure, the protons on the two sides of the pyridyl rings 
are non-equivalent. However, the Hα and Hβ of the bipy appear as two doublets at δ 
8.65 and 8.03, respectively. The degeneracy is caused by rapid rotation of the pyridyl 
rings. The compound shows identical NMR signals in CD2Cl2 which remain 
unchanged for days, suggesting that the polarity of the solvents does not affect the 
stability of the metallacyclophane.  
Another piece of evidence, albeit indirect, comes from our binding studies. As 
will be mentioned later, 1H NMR and fluorescence titrations unambiguously show 
that 14+ forms 1:1 complexes with the aromatic guests listed in Scheme 1.3. The 
binding of all the guests to 14+ can be aptly described by an equilibrium which 
involves only three species: 14+ (host), the aromatic guests and the host-guest complex 
(eq. 1 and 1.1). This indicates that 14+ does not dissociate nor is it in equilibrium with 
other species in solution. Finally, excess LiClO4 or NaBF4 was added to a CD3CN 
solution of 1·(OTf)4 and the mixtures were monitored by 31P{1H} NMR spectroscopy. 
The results showed that the signals of 14+ remained unchanged and the signals of the 
rings [Au3(µ-PAnP)3⊃ClO4](ClO4)2 or [Au3(µ-PAnP)3⊃BF4](BF4)2 were not 
observed. If the 14+ ion opens up in solution, one would expect that the ClO4- and BF4-
ions, with their template effect, would direct the formation of the rings. The similar 
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NMR spectroscopic properties displayed by 1·(NO3)4, 1·(ClO4)4 and 1·(PF6)4 also 
indicate that the rectangular structure of 14+ is not affected by its counterion. 
The fact that the 14+ retains its macrocyclic structure in solution could be due 
to its also the kinetic product. Recently, Stang et al have demonstrated that the 
molecular rectangles [Pt4(PEt3)8(µ-anth2-)2(µ-L)2](X)4 (L = bipy, bpe, 1,4-bis(4-
ethynylpyridyl)benzene, 2,5-bis(4-ethynylpyridyl)furan, X = ClO4-, PF6-, BF4-) are 
kinetical products with respect to dissociation as the weakly nucleophilic anions are 
unable to displace the dipyridyl ligands.9g Similarly, the OTf-, ClO4-, PF6- ions in the 
gold complexes, being poor electron donors, should be unable to substitute the bipy in 
14+. Furthermore, the anthracenyl rings, oriented almost perpendicular to the plane of 
the rectangle, would possibly shield the gold atoms from attack by the anion. These 
could be the reasons for the exceptional stability of 14+ in comparison to other gold 
metallacycles. On the other hand, Pt4(PEt3)8(µ-anth2-)2(µ-L)2](NO3)4 is found to 
dissociate in less polar CD2Cl2.9g It is due to the fact that the less polar CD2Cl2 favors 
ligand dissociation and NO3- ion is a better nucleophile. On the other hand, 1·(NO3)4 
is insoluble in pure CD2Cl2. But the 31P{1H} and 1H NMR of the compound measured 
in a CD2Cl2/CD3OH (8:2, v/v) mixture remains unchanged for days. It is not clear if 
the stability of 1·(NO3)4 is intrinsic or due to the higher polarity of the solvent 
mixture.  
 
1.2.5 UV-vis Absorption and Luminescence of 1·(OTf)4 
 
 
The UV-vis absorption spectrum (Figure 1.16) of 1·(OTf)4 displays a very 
intense band at 270 nm (εmax = 1.4×105 M-1cm-1) which corresponds to the high 
energy  1pi → pi* transition of the anthracenyl rings. In addition, there is a moderately 
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intense absorption band at 320 – 480 nm which displays vibronic peaks at 367, 390, 
418 and 441 nm (λmax = 441 nm, εmax = 2.6×104 M-1cm-1). The absorption band arises 
from the low energy 1pi → pi*  transition of the anthracenyl ring. Similar absorption 
bands are found in the spectra of other PAnP-containing complexes such as [Au3(µ-
PAnP)3⊃ClO4]·(ClO4)2.12e Irradiating an aerated CH3CN solution of 1·(OTf)4 at 420 
nm gives an emission maximized at 480 nm with quantum yield of 0.05 (Figure 
1.16). The small Stoke shift indicates that the emission is 1pi* → pi  fluorescence. 
[Au3(µ-PAnP)3⊃ClO4]·(ClO4)2 displays emission of similar energy and band shape.12e  
 
Figure 1.16 UV-vis absorption (blue) and emission (red) spectra of 1·(OTf)4. 
Solvent: CH3CN, T = 298 K. Excitation wavelength = 420 nm, excitation and 







1.2.6 Electrochemistry of 1·(OTf)4 
 
 The room temperature cyclic voltammogram (CV) of a CH3CN solution of 
1·(OTf)4 is shown in Figure 1.17. Upon reduction, an irreversible peak (a) appears at 
about -1.2 V vs. Cp2Fe+/0. This is followed by a small quasi-reversible (b, b’) at E1/2 of 
-1.38 V (∆Ei ≈ 80 mV). The irreversible peak (a) is likely a metal-centered reduction 
as most AuI-phosphine compounds show a metal-centered irreversible reduction at 
similar potential in acetonitrile49. Holding the potential of the working electrode at -
1.2 V also leads to slow deposition of gold metal on the electrode surface which can 
be observed with the naked eye. The reversible couple (b,b’) is attributed to redox 
reaction centered at the bipy in 14+ by comparison with the voltammogram of the Pt-
rectangle [Pt4(PEt3)8(µ-anth2-)2(µ-bipy)2]4+ (which has the same charge as 14+ and also 
shows a bipy-centered reduction at -1.44 V). The irreversible nature of wave (a) 
indicates that 14+ decomposes upon reduction.  Further scanning the potential towards 
the cathodic side leads to the appearance of two small reversible couples (c,c’) and 
(d,d’) at E1/2 of -1.9 V (∆Ei = 70 mV) and -2.2 V (∆Ei = 70 mV) respectively. As the 
CV (Figure A1) of the free PAnP ligand also shows two similar reversible couples at 
-1.9 V and -2.2 V, these two couples can be assigned to the reduction of PAnP 
liberated from 14+ after decomposition. However, it is noted that the cathodic wave (c) 
in the voltammogram of 14+ is much larger than its anodic counterpart (c’). 
Differential pulse voltammetric study on wave (c) shows that it is actually an overlap 
of two waves. Scanning the potential of the working electrode to -1.9 V also leads to 
deposition of gold metal on the electrode surface. We thus attribute wave (c) to be an 
overlap of two reduction processes – the reversible reduction of free PAnP and the 
irreversible reduction of AuI species generated from the decomposition of 14+ as a 
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result of reduction wave (a). The appearance of more than one AuI reduction wave is 
commonly observed in polynuclear AuI clusters49. The couple (e,e') at E1/2 of -2.3 V is 
due to the bipy generated from the cathodic decomposition of 14+, as the free ligand 
also shows a reversible couple at the same potential (Figure A2). A small irreversible 
wave attributable to the oxidation of decomposed product from 14+ appears in the 
reverse anodic scan. No oxidation wave is observed if the initial voltammetric scan is 
made towards the anodic side.  
The electrochemistry of 1·(OTf)4 is drastically different from that reported for 
the CBPQT4+, and the bipy-containing rectangles [Pt4(PEt3)8(µ-anth2-)2(µ-
bipy)2](PF6)450and [Re4(CO)12(µ-bipy)(bipm)2],51 which are dominated by ligand-
centered redox processes. The organic cyclophane CBPQT4+ exhibits two quasi-
reversible two-electron couples at E1/2 = 0.59 V and -1.01 V (vs Cp2Fe+/0) which 
correspond to bipyridinium-centered two-electron reductions Similarly, the CV of 
[Pt4(PEt3)8(µ-anth2-)2(µ-bipy)2](PF6)4 and [Re4(CO)12(µ-bipy)(bipm)2] shows 
reversible reductions localized in the heterocyclic ligands. No metal-centered 
reduction is observed. In contrast, the CV of 1·(OTf)4 is dominated by the irreversible 
metal-centered reductions and the reduction of products arising from cathodic 
decomposition. This could be related to the early onset of the irreversible AuI 
reduction to Au0 at -1.2 V which precedes the bipy-centered reduction at -1.38 V. Our 
observation is also consistent with the electrochemical properties of most AuI-
compounds reported in the literature.49 
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Figure 1.17 Cyclic voltammogram of 1·(OTf)4. Solvent: CH3CN (0.1M n-
Bu4NPF6), working electrode: glassy carbon, counter electrode: platinum wire, 
reference electrode: Ag/AgNO3 (0.1M in CH3CN. 
 
 
1.2.7 X-ray Crystal Structures of the Inclusion Complexes 
 
 Complexation between 14+ and the aromatic guests was first hinted at by the 
remarkable increase in the solubility of some of the polycyclic molecules i.e. An and 
Py in CH3CN in the presence of the metallacyclophane, and was further confirmed by 
the NMR and the luminescence studies (vide infra) which showed the formation of 
1:1 complexes between 14+ and the aromatic molecules. Orange crystals of three 
inclusion complexes (1⊃An)·(OTf)4, (1⊃Py)·(OTf)4·CH2Cl2 and (1⊃Br-
An)·(OTf)4·Et2O were obtained by slow diffusion of ether into CH2Cl2/MeOH (8:2, 
v/v) solutions containing 1·(OTf) and excess guests; their X-ray crystal structures are 







Figure 1.18a Ball and stick representation of the X-ray crystal structure of 
(1⊃An)·(OTf)4 showing the inclusion geometry of the complex. Hydrogen atoms and 
anions are omitted. Color scheme: guest carbon atoms (red), Au (orange), P (purple), 





Figure 1.18b Space filling representation of the inclusion complex (1⊃An)·(OTf)4. 





Figure 1.19 Ball and stick representation of the X-ray crystal structure of 
(1⊃Py)·(OTf)4·CH2Cl2 showing the inclusion geometry of the complex. The dashed 
lines show the other disordered position of the guest. Hydrogen atoms, anions and 




 Figure 1.20 Ball and stick representation of the X-ray crystal structure of (1⊃Br-
An)·(OTf)4·Et2O showing the inclusion geometry of the complex. Hydrogen atoms, 
anions and solvent molecules are omitted. The Br-An is disordered over two sites A 
and B with occupancy of 55% and 45 %, respectively. Br1 and Br1A are the positions 
of the Br atoms in the sites A and B, respectively. Color scheme: see Figure 1.18a, Br 
(red). 
 
Both (1⊃An)·(OTf)4, and (1⊃Py)·(OTf)4·CH2Cl2 are crystallized in the 
monoclinic space group C2/m while the crystals of (1⊃Br-An)·(OTf)4·Et2O show the 
orthorhombic space group Pnnm. The structures of the compounds confirm the 1:1 
host-guest stoichiometry of the complexation. The aromatic guests are interposed 
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between the two bipy ligands of the gold rectangle. As commonly observed in the 
pi − pi stacking of aromatic molecules, the overlap of the aromatic rings of the guests 
and bipy are staggered.36  
The An molecule in (1⊃An)·(OTf)4 is intercalated between the two bipy 
ligands. The bound guest occupies a centrosymmetric position in the cavity of 14+ ion 
with its center being coincident with the center of inversion of the inclusion complex, 
imposing an approximate C2h symmetry on the complex. Furthermore, the An is 
oriented with its long C2 axis close to the N-N vector of the bipy (Figure 1.18a and 
Table 1.2). The small angle τ of 12.4º between the axes results in extensive overlap of 
the aromatic rings of the An and the bipy. The H1,5 of the guest are protruded slightly 
out of the periphery of 14+ while H2,6 and H4,8 are close to the bipy rings. The H9,10 are 
situated between the two pyridyl rings. Notably, the H3 and H7 at the two ends of the 
guest are found directly pointed toward the lateral rings of the anthracenyl unit; the 
calculated distances between the H3,7 and the centroids of the lateral rings is 2.928 Å. 
The centroid-centroid distance between the lateral ring and the ring containing the 
interacting hydrogen atoms is 5.115 Å. These structural features suggest the presence 
of weak C-H•••pi or edge-to-face interactions between the guest and the anthracenyl 
rings.52 Similarly, structural and NMR studies show the existence of interactions 
between the aromatic H atoms of the guests (i.e. 1,4-dimethoxybenzene and 
hydroquinols) and the p-phenylene rings of CBPQT4+.36 The distances (2.8 – 2.9 Å) 
between the interacting hydrogen atoms and the p-phenylene ring are close to the 
calculated distance between the H3,7 and the anthracenyl rings. The interactions 
possibly contribute to the stability of the An-complex. The H4,8, however, are not 
directly pointed at the lateral rings and the distances between the H atoms and the 
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centroids of the lateral rings (3.884 Å) is too long for any interaction. The Hα and Hβ 
of the bipy are close to the rings of the An. 
 The bound Py in (1⊃Py)·(OTf)4·CH2Cl2. is disordered equally over two 
positions (Figure 1.19 and Table 1.2). The C2 axis of the rectangle passes through the 
midpoint between the C5a and C5a1 of the Py which also coincideent with the center 
of the rectangle. And the two disordered positions of the Py are generated by a 180° 
rotation of the guest around the C2 axis. Accordingly, the orientations of the Py 
molecules with respect to the 14+ ion are identical in the two disordered sites. The 
binding of the Py is asymmetric, being slightly closer to one end of the rectangle than 
the other. The long C2 axis of the guest is almost perpendicular to the horizontal N-N 
axis of the bipy, showing small angle τ of 0.9°. As a result, the rings of the Py and the 
bipy overlap extensively. The H9,10 of the Py are protruded out of the cavity of the 
receptor while the rest of the protons are close to the bipy. Especially, the H6 and H7 
are embedded between two pyridyl rings. It is noted that H2 and H3 are directed 
toward a lateral ring of the anthracenyl backbone. The calculated distance between the 
centroid of the lateral ring and H2 and H3 are 2.673 Å and 3.189 Å, respectively. And 
the distance between the centroids of the lateral ring and the axial ring of the Py 
bearing the two protons is 4.678 Å. These structural features compare favorably with 
the ones reported for edge-to-face interactions52 and suggest the presence of hydrogen 
bonding between the host and the guest.  
 The Br-An in (1⊃Br-An)·(OTf)4·Et2O is disordered over two sites A and B 
which are related by 180o rotation around the long axis of the molecule (Figure 1.20 
and Table 1.2). The occupancies of the disordered sites A and B are 55% and 45%. 
The position of the guest is asymmetric, being closer to one end of the host than the 
other. The angle τ of 25.9º between the long axis of the Br-An and the N-N vector of 
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the bipy is larger than the one observed in the An-complex (τ = 12.4º), and 
accordingly the extent of overlap between the bipy and the guest is less than that in 
(1⊃An)·(OTf)4. In the site A, the H1, H2 and H5 and H6 of the guest are protruded out 
of the rim of the 14+ ion. The H4 and H7 of the guest are near to the nitrogen atoms and 
the H8 lies beneath one of the pyridyl rings. The Br is near to the Hβ of one of the 
pyridyl rings and the opposite H10 is situated between the Hα and the Hβ of the same 
pyridyl ring. The terminal protons of the guest are involved in edge-to-face 
interactions with the anthracenyl rings as the H3-C3-C4-H4 edge of the Br-An in the 
site A, or H1-C1-C2-H2 edge in the site B, is directed toward the one of the lateral 
rings of the anthracenyl backbone. The distances between the H3 and H4 and the 
centroid of the lateral ring are 3.419 Å and 2.766 Å, respectively. The centroids of the 
lateral ring and the ring containing the interacting H atoms are separated by 4.846 Å. 
These structural parameters compare favorably with the aromatic compounds which 
exhibit similar edge-to-face interactions.52 Interchanging the positions of H1, H7, H8 
and Br respectively with those of H4, H6, H5 and H10 leads to the disordered site B. The 
Hα and Hβ of the bipy lie in the close proximity of the pi-rings of the guest. The 
distances between the Br atom and the Hα  and Hβ of the bipy (3.598 - 3.841Å) are far 
too long for C-H⋅⋅⋅Br hydrogen bonding. 
 Among all the structural features of the inclusion complexes, the one of 
particular importance is the interplanar distance d between the bipy and the guest as it 
is related to the strength of the guest binding. Since the pyridyl rings in the bipy are 
not coplanar, the interplanar distance is defined as d = b – a, where b is the 
perpendicular distance between α-carbon atom in the bipy and the plane of the guest, 
and a is the perpendicular distance between the carbon atom and the best plane of the 
bipy (Scheme for Table 1.2). It is found that the interplanar distances in the three 
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complexes fall into the range of pi – pi interactions (~ 3.5 – 3.7 Å) and follow the order 
of Br-An (d= 3.401(4) Å) < Py (d = 3.552(8) Å) < An (d = 3.645(2) Å). This indicates 
that the Br-An binds most strongly to 14+, followed by the Py and then the An. It is 
corroborated by the correlation between the d and the free energy of binding -∆GNMR 
determined by 1H NMR titration (vide infra), that are 19.7±0.4, 18.2±0.1 and 
17.2±0.2 kJ mol-1 for the binding of the Br-An, Py and An, respectively (Figure 
1.21). In addition, comparing the dimensions of the 14+ ions in the complexes and the 
free 14+ ion in 1·(OTf)4·4.8H2O shows that the guest binding leads to the shortening of 
the width of the rectangle: the intraannular Au-Au (6.526(2) - 6.854(2)Å), N-N 
(6.767(4)-7.341(4) Å) and γ-C-γ-C = (6.980(4) - 7.341(4) Å) distances in the three 
inclusion complexes are markedly shorter than the ones in the free host: Au-Au = 
7.069(3) Å, N-N = 7.665(3) Å and γ-C-γ-C = 7.921(3) Å. Again the intraannular Au-
Au, N-N and γ-C-γ-C distances in the three complexes follow the order: Br-An < Py < 
An. These findings indicate that the contraction of the molecular rectangle is induced 
by the guest binding, and the extent of the contraction is proportional to the binding 
strength of the guests (Figure 1.21). These observations point to an induced-fit 
mechanism53 in which the binding of the guest causes the host to undergo 
conformational changes which in turn enhances its pi-pi interactions with the guest. A 
prerequisite for the mechanism is that the gain in the binding energy -∆GNMR is large 
enough to compensate for the energy needed for the conformational changes. It is 
likely the case here because the conformation changes, which mainly involve the 
contraction of the bite distance of PAnP, is not expected to be energyetically  




Figure 1.21 Plots showing the correlations between the interplanar distance d (↔), 
intraannular Au-Au (↔), N-N (↔) and γ-C- γ -C (↔) distances, and the free energy of 
binding –∆GNMR of the guests An, Py and Br-An. For the Br-An complex, the 
intraannular distances are the averages of the distances at the two ends of the 
rectangle. 
 
 The complexation causes other structural changes in 14+ as well. Firstly, the 
14+ ions in the inclusion complexes are less bulged than the free 14+, showing smaller 
angle χ of 10.5 - 13.2º (c.f. χ = 16.8º for the free 14+). The bipy in the complexes are 
less twisted than the ones in the free 14+: the twist angle θ for the Br-An- (2.71º), Py- 
(3.60º) and An-(10.42º) complexes are significant smaller than the angle θ of 21.69º 
observed in the free host. Similarly, the binding of 1,4-dimethoxybenzene to the 
CBPQT4+ ion reduces the twist angle of the bipy units from 19º to 4º.36a,b Apparently 
the flattening of the bipy would improve the overlap with the aromatic guests and thus 
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enhance the pi −pi  interactions. Analogous to the width of the 14+ ion, the decrease in 
the twist angle θ observed in the three complexes is parallel with the increase in the –
∆GNMR valure. This observation lends support to the contention that the binding 
induces conformation changes which stabilize the complexes. 
 The frameworks of the 14+ ions in the An and Py-complexes are similar to that 
of the free ion. The anthracenyl rings in the complexes are tilted towards the same 
direction and the tilt angle ϖ of 43.3º and 47.4º found in the An- and Py-complexes, 
respectively, are similar to the one observed in the free host (ϖ = 43.7º). The 
anthracenyl rings are slightly curved with the dihedral angles ε (14.7° and 21.9°) 
being slightly different from that of the free 14+ ion (ε = 16.4°). Due to the binding, 
the intrannular P-P distances are significantly shortened; to maintain such a short P-P 
distances, the central rings in the anthracenyl units are distorted from planarity, as 
illustrate by the bow angle φ subtended by the two P-C(anthracenyl) bonds in the An-
complex (30.5º) and the Py-complex (31.4º), which are larger than that in the free host 
(22.3º). The Br-An complex shows a different conformation in which the anthracenyl 
rings are titled in opposite directions. The side-view of the ion shows a V-shape as the 
two ends of the rings are divergent in the upper side and are pointed toward the center 
of the cavity in the lower side. The two ends of the rectangle are non-equivalent, 
having slightly different intraannular Au-Au (6.526(2), 6.604(2) Å), and N-N 
(6.767(4), 6.910(4) Å) distances. The tilt angle ϖ of the two anthracenyl ring is also 
different: the ring that is closer to the guest is less tilted (ϖ = 49.9º) than the other one 
(ϖ = 56.5º). The symmetry of the 14+ ion descends to Cs where the plane of reflection 
bisects the anthracenyl rings. The bite distance between two P atoms (6.255(4) Å) in 
the complex is the shortest among the four gold compounds. The exceedingly short 
bite distance is achieved by severe distortion of the central ring of the anthracenyl 
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backbone as shown by the large bow angle φ of 40º subtended by the two P-
C(anthracenyl) bonds. 
 
1.2.8 Solid-State Self-Assembly 
 
 The crystal structure of 1·(OTf)4·4.8H2O reveals linear stacking of the 14+ ions 
along the c-axis, which results in open channels (Figures 1.22a and 1.22b). Similar 
open channels have been observed in the crystals of metallacyclophanes i.e. 
[Pt4(dppp)4(µ-bipy)4]8+ (dppp = 1,3-bis(diphenylphosphino)propane)8e,q and 
CBPQT4+.36a The distance between two adjacent Au atoms in a column is 10.308 Å. 
Sandwiched between two 14+ ions are four OTf- ions whose CF3-groups are pointed 
toward the center of the rectangle and the oxygen atoms of the SO3-groups are near to 
the α-H of the pyridyl rings. The shortest Au-O(OTf) distance is 4.082 Å. There are 
on average 4.8 H2O molecules per 14+ ion, two of them are found between two 
stacking 14+ ions, and the remaining are located in the interstitial space. The water 





Figure 1.22a Crystal packing diagram of 1·(OTf)4·4.8H2O showing the linear 
stacking of the 14+ ion along the c-axis and the positions of the OTf- ions. Hydrogen 
atoms and H2O molecules are omitted. Color scheme: Au (orange), P (purple), N 
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Figure 1.22b Crystal packing diagram of 1·(OTf)4·4.8H2O showing the open 
channels and the 2-D mosaic on the ab-plane. Hydrogen atoms, anions and H2O 
molecules are omitted. Inset shows the complementary edge-to-face Ph-Ph 
interactions between adjacent 14+ ions. Color scheme: see Figure 1.22a 
 
The solid state packing of the 14+ ions reveals intriguing tectonic 
supramolecular arrangement: the 14+ ions, paneled on the ab-plane, form a 2-D 
mosaic in which each ion is surrounded at its corners by four neighboring ions 
Au1A 
Au1B 

















(Figure 1.22b). The packing leads to highly porous crystals with large interstitial 
space, which resembles open channel, located in the center of four adjacent stacking 
columns of the 14+ ions. Viewing down the c-axis, one would see that the two Phax 
rings at one end (head) of the 14+ ion are projected upward whereas the two Phax rings 
are pointing down at the other end (tail) (Figure 1.22a). For the sake of the 
discussion, the two ends are arbitrarily assigned as head and tail of the rectangle, 
respectively. Accordingly, the axial and equatorial Ph rings in the head and tail of the 
ion are labeled as heq
h




ax Ph,Ph . The 
h
eqPh  and 
t
eqPh rings, which are 
close to the molecular plane, are downward and upward tilted, respectively. The 14+ 
ions are arranged in such a way the head and the tail of an ion are near to the tails and 
the heads of its surrounding ions, respectively. This head-to-tail orientation of the 
rectangles in the mosaic allows complementary edge-to-face interactions between (i) 
the teqPh and 
h
axPh , and (ii) the heqPh and taxPh , at each corner. Considering the 
interactions between an ion and the two ions in front of it, one can see that the two 
h
axPh  rings of an ion face directly to the H2-C2-C3-H3 edges of the two upward tilted 
t
eqPh  rings of the preceding ions whose downward pointing 
t
axPh  rings in turn face to 
the edges of the heqPh rings of the first ion (Figure 1.22b). These complementary 
edge-to-face interactions occur at each corner of the 2D mosaic. On the other hand, 
there is no interaction between the haxPh  and the 
t
axPh  rings or the 
h
eqPh  and the 
t
eqPh  
as they are parallel to each other (dihedral angle = 0) and too far apart. The H2 and H3 
in the teqPh /
h




axPh  with the 
calculated H···centroid distances j of 3.496 and 3.279 Å (Table 1.3, for definitions of 





axPh  rings are almost perpendicular to each other, showing a dihedral angle of 
87.8°. The distance (i) between their centroids is 4.988 Å. The intermolecular P-P 
distance (k) between the two interacting PPh2 groups is 6.025 Å. As demonstrated by 
the comprehensive surveys of Dance and Scudder, edge-to-face Ph–Ph interactions, 
also known as “phenyl embrace”, occur widely in the crystals of metal complexes 
containing PPh3 or diphosphines i.e. PPh2CH2PPh2 as ligands, and have a determining 
effect on the solid state packing of the complexes.52e,54 The average values of i (5 Å) 
and k (≤ 7 Å) are close to the ones exhibited in 1·(OTf)4·4.8H2O. In addition, the 
dihedral angle (87.8°) and the i value (4.988 Å) of the gold complex compare 
favorably with the corresponding parameters between a pair of benzene molecules 
engaging in edge-to-face interactions (dihedral angle = 86.5°, i = 5.025 Å).52a,b,c We 
therefore believe that the complementary edge-to-face Ph-Ph interactions are a major 
driving force for the self-assembly of 14+ in the solid state.  
Reminiscent of the free host, open channels arising from the stacking of 14+ 
ions are observed in the crystals of the three inclusion complexes. Located inside the 
channels are the guest molecules. The CH2Cl2 molecules in (1⊃Py)·(OTf)4·CH2Cl2 are 
sandwiched between the stacking 14+ ions and close to one end of the rectangle. On 
the other hand, the solvent molecules in (1⊃Br-An)·(OTf)4·Et2O are found in the 
interstitial space between the columns. The 14+ ions stack linearly along the 
crystallographic c-axis for both An- and Py-complexes (Figure 1.23a,b). The ions are 
evenly placed within the columns and the distances between the Au centers of 
adjacent molecules in the columns are 10.623Å for the An-complex and 10.747Å for 
the Py-complex, which are slightly longer than that in the free host (10.308Å).The 
OTf ions in the An- and Py-complexes are sandwiched between the stacking 
rectangles and their orientations with respect to the 14+ ions are similar to the ones in 
 50 
1·(OTf)4·4.8H2O. The shortest Au-O distances are 4.082 and 4.108 Å for the An- and 
Py complexes, respectively.  
The stacking of the 14+ ions in the Br-An-complex is different. It is found that 
the orientations of adjacent 14+ ions in a column are related by a 180º rotation around 
the central C2 axis. In addition, the horizontal positions of the stacking ions are 
slightly offset, giving the column a zigzag shape (Figure 1.23c). The angle between 
three successive Au atoms in the column is 166.7º. The distances between the Au 
atoms of adjacent molecules in the column are 10.372 Å and 11.435 Å. Sandwiched 
between two stacking gold rectangles are one CH2Cl2 molecule and four OTf ions. 
The O atoms of the OTf ions in the An- and Py-complexes are close to the rim of the 
bipy ligands, as in the case of the free host. 
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Figure 1.23a Crystal packing diagram of (1⊃An)·(OTf)4·Et2O showing the linearly 
stacking of the 14+ ion along the c-axis and the positions of the OTf- ions. Hydrogen 










Figure 1.23b Crystal packing diagram of (1⊃Py)·(OTf)4·Et2O showing the linearly 
stacking of the 14+ ion along the c-axis and the positions of the OTf- ions. Hydrogen 










Figure 1.23c Crystal packing diagram of (1⊃Br-An)·(OTf)4·Et2O showing the 
zigzag stacking of the 14+ ion along the c-axis, different orientation of the cations in 
the column and the positions of the OTf- ions. Hydrogen atoms and H2O molecules 












Figure 1.24 Crystal packing diagram of (1⊃Br-An)·(OTf)4·Et2O showing a layer of 
2-D mosaic on the ab-plane and complementary edge-to-face Ph-Ph interactions 
between adjacent 14+ ions. Color scheme: see Figure 1.22a. 
 
There are two different arrangements of the anions alternating along the 
columns: one of the arrangements is similar to that in the other gold complexes where 
the four OTf ions are near to the rim of the bipy ligands. In another arrangement, two 
OTf ions are found between the Au atoms and the other two ions are located between 
the pyridyl rings of the bipy. The latter ions are closest to the Au centers, showing 









 The 14+ ions in the An- and Py-complexes are assembled into 2-D mosaic like 
the one displayed by the free host (A23, 24). Each molecule binds to its four adjacent 






eqPh  interactions. The interacting 
Ph rings are almost perpendicular to each other (dihedral angles ≈ 89º). In addition, 
the i (4.900 Å, 5.112 Å), j (3.279- 3.484 Å) and k (5.996 Å, 5.972 Å) values are close 
to the ones observed in the free host (Table 1.3). Although the 14+ ions in Br-An-
complex also self-assemble into similar 2-D mosaic, there are some subtle 
differences. Unlike the other three gold complexes, the anthracenyl rings in the Br-
An-complex are tilted towards each other (Figure 1.23c). Due to this conformation, 
the nearly vertical Phax rings at both ends of the rectangle are pointing to the same 
direction, and the four Pheq rings are tilted downward. If the orientation of the 14+ ions 
lying in the panel is the same as in the case of the other three compounds, one would 
expect the Phax rings of an ion facing the Phax rings but not the Pheq rings of its 
adjacent ions. In this case, the complementary Phax–Pheq interactions as observed in 
the other compounds would not be possible. It is therefore interesting to find that each 
14+ ion in the Br-An-complex is surrounded by four “flipped-over” ions with 
orientation different from that of the central ion by a C2 rotation around the long 
central axis (Figure 1.24). This arrangement ensures complementary edge-to-face 
interactions as the four upward pointing Phax rings of an ion now faced directly to the 
four upward tilted Pheq coming from the four adjacent ions. Similarly, the downward 
pointing Phax rings of the four adjacent ions face to the edges of the upward tilted Pheq 
rings of the central ion. The interacting Ph rings are nearly perpendicular to each other 
with dihedral angles of 88.1° and 89.9°, respectively. As the two ends of 14+ are 
slightly different, there are two sets of i, j and k values, which are close to those found 
in the other three compounds (Table 1.3). This special arrangement of the 14+ ions in 
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the crystal of the Br-An-complex underscores the important role played by the 
complementary edge-to-face Phax-Pheq interactions in the solid state self-assembly of 
the gold complex.  
 
1.2.9 1H NMR Titrations 
 
 The complexation between 14+ and the guest was investigated by 1H NMR 
titrations. Due to the poor solubility of 1·(OTf)4·in other organic solvents, the 
titrations were carried out in CD3CN only. In the titrations, the total concentration of 
the guest, [G]t, is held constant while the total concentration of the 14+ ion, [H]t, is 
varied. The chemical shifts δG of certain guest protons were monitored as a function 
of [H]t. Figure 1.25 shows the spectroscopic changes observed in the titration of 
1·(OTf)4 and An. Invariably, the complexation moves all the guest protons, and the Hα 
and Hβ of bipy upfield, but the H1,4,5,8 and H2,3,6,7 of the anthracenyl rings in the host 
downfield (Figure A5-13). The coupling constants are essentially unaffected by the 
complexation as the distances and angles between the aromatic protons are expected 
not to be changed significantly by the guest binding. As expected, the upfield shifts of 
the guest protons become more pronounced as [H]t is increased. Conversely, the shifts 
of the host protons are increased as the [H]t is decreased. It is simply due to the fact 
that when the [G]t is fixed, the percentage of occupied host is increases as [H]t is 
lowered. That all the guest protons and the Hα and Hβ of the bipy are shifted upfield 
indicates the participation of the bipy in the guest binding. It is in accordance with the 
inclusion geometry exhibited by the three complexes. The upfield shifts are 
attributable to the influence of the diatropic ring currents of the aromatic rings. 
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Similar upfield shifts have been observed in the binding of aromatic guests to the 
CBPQT4+ ion.36 
 
Figure 1.25 1H NMR spectral change upon addition of 1·(OTf)4 (conc. = 0.00 – 
5.06 mM) to a CD3CN solution of An (conc. = 2.52 mM). The 1·(OTf)4 and An 
protons are labeled in blue and red, respectively. The top and bottom spectra belong to 
the free An and the free 1·(OTf)4, respectively. 
 
 Except for the Hα and Hβ, which are slightly broadened, the signals of all the 
guest and host protons remain sharp throughout the titrations. This implies that the 
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guest exchanges rapidly between the cavity of 14+ and the solution on the NMR 
timescale. Accordingly, the observed chemical shifts of the guest protons (δG) are the 
weighted average of the chemical shifts of the complexed guest CGδ and the free guest 
o
Gδ . The stoichiometry of the inclusion complexes was determined by the modified 
Job’s plots derived for complexation that involves fast exchange of the guest. The 
modified Job’s plot40a for the binding of An (Figure 1.26) and the other guests show 
that 14+ and the aromatic compounds form 1:1 host-guest complexes (eq. 1).  
[H]   +   [G]
KNMR
[H G]
[H]t = [H] + [H G]
[G]t = [G] + [H G]
eq. 1




GHK •=    eq. 1.1 
 
Figure 1.26 Modified job’s plot for the binding of An to 14+ showing the 1:1 host-
guest stoichiometry. oGδ  is the chemical shift of H2,3,6,7 in the free An and δG is the 
observed chemical shift of the protons in the presence of the host.  
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 Figure 1.27 shows the titration curve for the δG (H2,3,6,7) of An upon addition 
of 14+. The binding constants KNMR (eq. 1.1) and the chemical shift differences ∆δG 
(∆δG = oGCG δδ −  where CGδ  and oGδ  are the chemical shifts of the protons in the bound 
and free guests, respectively) are obtained from the least-square fit to the equation 2, 
which is derived for the 1:1 binding that involve fast complexation-decomplexation in 














GHB ++=     eq. 2.1 
 
Figure 1.27 Chemical shift of H2,3,6,7 (δG) of An as a function of the concentration 




The binding constants KNMR of the aromatic guests differ greatly, ranging from 
50±7 M-1 for Dmb to 2858±508 M-1 for Br-An (Figure A14-22). The KNMR and the 
free energy of the binding –∆GNMR are listed in Table 1.4. The factors that determine 
the –∆GNMR of the binding will be discussed later. 
Table 1.4 Binding constants and free energy of binding for the aromatic 
guests determined by 1H NMR and fluorescence titrations. 
Guest  KNMR (M-1) −∆GNMR (kJmol-1) KQ (M-1) −∆GQ (kJmol-1) 
Dmb 50±7 9.7±0.4 † _ 
Bip 126±10 12.0±0.2 † _ 
Nap 128±52 12.0±1.0 118±31 11.8±0.7 
Phen 527±26 15.5±0.1 463±29  
An 1029±71 17.2±0.2 909±103 16.9±0.3 
MeO-An 1353±70 17.9±0.1 ‡ _ 
NC-An 1137±32 17.4±0.1 ‡ _ 
Br-An 2858±508 19.7±0.4 2277±160 19.2±0.2 
CO2H-An 2559±350 19.4±0.3 2208±223 19.1±0.3 
Py 1564±34 18.2±0.1 1376±40 17.9±0.1 




Other parameters extracted from the least-square fit are the ∆δG and ∆δH that 
are the chemical shifts differences of the guest and host protons induced by the 
complexation, respectively (Table 1.5). Our results show that the ∆δG values for the 
guests vary significantly. First of all, it is noted that the ∆δG values roughly correlate 
with the binding free energy -∆GNMR, i.e. the weakly binding Dmb, Bip and Nap  
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Table 1.5 Chemical shifts (δ) of the free host and guest protons and the change 
in the chemical shifts (∆δ ) induced by the complexation 
 
 Guest Protons Host Protons 
Guest H δ ∆δG H ∆δH 
H2,3,5,6 6.85 -0.32 Hα  0.00 
HMe 3.73 -0.16 Hβ -0.07 




   
H2,3,67 +0.03 
H2,2’,6,6’ 7.63 -0.76 Hα  -0.04 
H3,3’,5,5’ 7.46 -0.47 Hβ -0.11 








   
H2,3,67 +0.02 
H1,4,5,8 7.91 -0.31 Hα  -0.02 
H2,3,6,7 7.29 -0.25 Hβ -0.09 










   
H2,3,67 +0.02 
H4,5 8.79 -1.14 Hα  -0.29 
H9,10 7.81 -0.81 Hβ -0.62 
H3,6 7.95 a H1,4,5,8 +0.04 








H1,8 7.73 -0.88   
H9,10 8.52 -1.16 Hα -0.61 
H1,4,5,8 8.08 -1.15 Hβ -0.90 










   
H2,3,67 +0.16 
H10 8.31 -1.28 Hα -0.66 
H1,8 8.29 a Hβ -0.94 
H4,5 8.05 a H1,4,5,8 +0.08 











HMe 4.13 -0.39   
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 Cont’d 
H10 8.90 -0.83 Hα -0.55 
H1,8 8.40 -1.06 Hβ -0.87 
H4,5 8.23 a H1,4,5,8 +0.08 











H3,6 7.67 -1.16   
H10 8.62 -0.84 Hα -0.66 
H1,8 8.52 a Hβ -0.97 
H4,5 8.10 -0.97 H1,4,5,8 +0.01 











H3,6 7.56 -1.10   
H10 8.67 -0.82 Hα -0.70 
H1,8 8.14 a Hβ -0.90 










 H2,3,6,7 7.57 -1.39 H2,3,67 +0.19 
H1,3,6,8 8.25 -1.19 Hα -0.80 
H4,5,9,10 8.15 -0.65 Hβ -1.47 













































Polarizability αM (Å3)* 
 
 
E (V vs 
SCE)‡ 
Dmb 9.7±0.4 2.420 146.0† 1.34 
Bip 12.0±0.2 1.030 199.0† 1.91 
Nap 12.0±1.0 1.602 175.9 1.54 
Phen 15.5±0.1 0.310 247.0 1.50 
An 17.2±0.2 0.020 259.3 1.09 
MeO-An 17.9±0.1 0.150 267.2† 1.05 
NC-An 17.4±0.1 0.033 264.3† 1.56 
Br-An 19.7±0.4 0.085 283.2 1.33 
CO2H-An 19.4±0.3 0.031 264.9† - 
Py 18.2±0.1 0.082 282.2 1.16 
 
*ref. 66. †The molecular polarizability of the compounds is calculated from the 
empirical formula 2])[/4( ∑=
a
am N τα  where N is total of number of electrons in the 
molecule and τa is the parameterized polarizability of individual atoms in the 
molecule (ref. 67). ‡All the potential cited are half-wave potentials measured in 
CH3CN except the one for Bip which is the peak potential (ref. 61). 
 
 
(-∆GNMR = 9.7 — 12.0 kJmol-1) show ∆δG (-0.16 — -0.76 ppm) which are markedly 
smaller than those observed for the Phen, An, 9-susbtituted anthracenes, and Py 
(−∆GNMR = 15.5 — 19.7 kJmol-1, ∆δG = -0.65 — -1.68 ppm). The same trend is 
observed in the ∆δH for the Hα and Hβ; e.g. the binding of Dmb, Biph and Nap 
induces upfield shifts of the Hβ (∆δH = -0.07 — -0. 11 ppm) which are remarkably 
smaller than the ones elicited by the binding of the other guests (∆δH = -0.62 — -1.47 
ppm). As discussed in the previous section, the increase in -∆GNMR reduces the 
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interplanar distance between the bipy ligands and the guest. It is reasonable to expect 
that the decrease in separation would lead to stronger mutual shielding which in turn 
gives rise to the larger ∆δG and ∆δH values observed.  
 The ∆δG values of the protons in a guest can differ significantly. The extent of 
shifts displayed by the protons is dependent on the orientation of the guests, the 
distance between the protons and the bipy, and the intrinsic susceptibility of the 
protons.36c,55 As suggested by the X-ray crystal structure of the Br-An-complex, a 
guest molecule could bind to 14+ in more than one orientation. It is therefore possible 
that the observed ∆δG is a weighed average of the chemical shift differences of the 
protons in various inclusion geometries. Furthermore, it is possible for the guests to 
undergo rotation, “rocking” or translational motions (rattling) inside the cavity of the 
host.36c In this case, the observed ∆δG could be a time-average of all the orientations 
of the guest in the host. The interplay of all these effects on the chemical shifts does 
not allow a straightforward interpretation of the data and deduction of the inclusion 
geometry of the complexes based on the observed ∆δG values. Nonetheless, the ∆δG 
values of the protons in the three inclusion complexes are in general consistent with 
the orientations of the guests depicted in the X-ray crystal structures of the 
compounds, suggesting that the solid state inclusion geometries could represent the 
time-averaged orientation of the bound guests in solution. 
First, in accord with the extensive overlap between the aromatic rings of An 
and bipy observed in the structure of the An-complex, all the protons in the An show 
similar large ∆δG values of -1.15 to -1.30 ppm (Table 1.5). Because of the orientation 
of the bound An, the H1,5 and H4,8, H9 and H10, H2,6 and H3,7 are nonequivalent in the 
solid state structure. However, the protons appear as three sets of mulitplets that are 
attributable to H1,4,5,8, H9,10, and H2,3,6,7 in the solution NMR spectrum of a mixture of 
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14+ and An (Figure 1.25). The degeneracy arises from the rapid rotation of the guest 
inside the host or fast exchange between the bound and free guest molecules. Notably 
the ∆δG value for the H2,3,6,7 (-1.30 ppm) is slightly larger than the ∆δG values of the 
other protons (-1.15 ppm). This could be due to the edge-to-face interactions between 
the anthracenyl rings and the protons, or the shielding of the terminal protons by the 
diatropic current of the anthracenyl rings. Similarly, in the binding of hydroquinols to 
CBPQT4+, the guest protons involved in edge-to-face interactions with the p-
phenylene rings of the host are more upfield shifted than the other protons.36c  
 Whereas all the protons of the Py are non-equivalent in the crystal structure of 
the inclusion complex, only three sets of signals corresponding to H2,7, H1,3,6,8 and 
H4,5,9,10 are observed in the 1H NMR spectrum of the mixture of 14+ and Py (A33). 
Again the degeneracy of the protons is due to the fast exchange and/or the dynamic of 
the guest molecule. The apical H2,7 exhibit the largest ∆δG of -1.68 ppm (Table 1.5) 
which is consistent with the solid state orientation of the guest where the H7 is 
covered by two pyridyl rings and the H2 is engaged in edge-to-face interactions with 
the anthracenyl ring.36c The H1,3,6,8 shows a smaller ∆δG as they are not as close to the 
bipy and anthracenyl rings as the H2,7 are. The ∆δG for the H4,5,9,10 is the smallest (-
0.65 ppm). It is reasonable as the H9,10 are protruded out of the rim of the rectangle in 
the solid state structure. 
 The ∆δG values for the protons of Br-An are also in accordance with the 
inclusion geometry of the complex in the solid state (Table 1.5 and Figure A9). The 
H10, which is positioned between the pyridyl rings of the bipy, is found to be less 
shielded (∆δG = -0.84 ppm) than the other protons. The ∆δG values for H1,8 and H2,7 
cannot be determined as they are masked by the other signals. The H4,5 (-0.97 ppm) 
and H3,6 (-1.10 ppm) show similar and relatively large ∆δG values, which are 
 66 
reasonable as these protons are close to the bipy and involved in the edge-to-face 
interactions with the anthracenyl rings. Similar patterns of ∆δG have been observed 
for the other 9-substituted anthracenes NC-An and CO2H-An: the terminal H2,7 or H3,6 
of the guests are most influenced by the complexation and the H10 is the least affected. 
The largest difference is observed in CO2H-An whose H2,7 and H3,6 are upfield shifted 
by -1.36 ppm while the ∆δG for the H10 is -0.82 ppm. On the other hand, the ∆δG 
values for the H10 (-1.28 ppm) and H2,7 and H3,6 (-1.20 ppm) of MeO-An are about the 
same.  
 The methoxyl protons in Dmb (∆δG = -0.16 ppm) and MeO-An (∆δG = -0.39 
ppm) are much less affected by the binding than the aromatic protons of the 
compounds (∆δG = -0.32 ppm for Dmb and ∆δG = -1.20 and -1.28 ppm for MeO-An) 
(Figure A5, A11 and Table 1.5). The small ∆δ values displayed by the methoxyl 
protons reflect their long separations from the pi-rings of the bipy. In view of the 
structures of the three inclusion complexes, one would expect the binding involves 
mainly the aromatic rings of Dmb and MeO-An, and their methoxyl groups could be 
projected out of the rims of the 14+ ion.  
 Aside from the guest protons, the binding also influences the chemical shifts 
of the host protons; the resonances of the Hβ and Hα of the bipy are moved to higher 
field, and in all cases, the Hβ (∆δH= -087 – - 1.47 ppm) are shifted more than the Hα 
(∆δH = -055 – -080 ppm) (Figure A5-13, Table 1.5). If the bound guests occupy the 
centrosymmetric positions, as observed in the structures of the three inclusion 
complexes, one would expect that the Hβ, closer than Hα to the central position, would 
be more shielded by the pi–rings of the guests. Unlike the other protons, the protons of 
the anthracenyl rings are downfield shifted upon the complexation. Invariably, the 
H2,3,6,7 are more shifted (∆δH = 0.01-0.21 ppm) than the H1,4,5,8 (∆δH = 0.00-0.10 ppm) 
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at the ends of the ring. This effect could be due to the distortion of the anthracenyl 
ring induced by the binding. Another possible cause is the interactions of the rings 
with the apical protons of the guests. It is noted that the binding of hydroquinols to the 
CBPQT4+ ion also leads to downfield shifts of the p-phenylene rings of the host, 
which is attributed to the edge-to-face interactions between the protons of the 
hydroquinols and the p-phenylene rings.36c  
 
1.2.10 Fluorescence Quenching of the Host 
 
 The emission of 14+ at 480 nm is quenched by Nap, Phen, An, Br-An, CO2H-
An, MeO-An, NC-An and Py (Figure A23-27). However, the fluorescence intensity 
is not diminished even in the presence of large excess of Dmb and Bip. Figure 1.28 
shows the change of the emission intensity of 14+ upon addition of An. Since all the 
guests virtually have no absorption beyond 460 nm, the decrease is not due to the 







against [G]t (IH and oHI  are the emission intensities of 14+ in the 
presence and absence of the guest). The binding constants KQ for the guests were 
determined from the least-square fits to the equation 341 for 1:1 host-guest 
complexation (Figure A28-32). The constants kH•G and kH are related to the emission 
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 Figure 1.29 shows the titration curve for fluorescence intensity of 14+ upon 
addition of An to a CH3CN solution of the compound. The KQ for MeO-An and NC-
An are not determined as the emissions of the guests overlaps with that of 14+. The KQ 
and the binding free energy –∆GQ are listed in Table 1.4. The results show that the KQ 
are close to the corresponding KNMR determined from 1H NMR titrations. This leads 
to the conclusion that the quenching only occurs when the guest binds to 14+. In other 
words, the emission is not quenched by bimolecular (Stern-Volmer) reactions 














Figure 1.28 Emission spectral change upon addition of An to a CH3CN solution of 























Figure 1.29 Emission titration curve upon addition of An to a CH3CN solution of 
1·(OTf)4. Line shown is the least-square fit using the equation 3. oHI  and IH are the 
emission intensity of the host at 480 nm in the absence and presence of An, 
respectively.  
 
1.2.11 Possible Quenching Mechanism 
 
 The X-ray crystal structures of the inclusion complexes clearly show that the 
complexation alters the conformation of 14+. Particularly, the central ring in the 
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anthracenyl undergoes severe out-of-plane distortion upon the binding. It is possible 
that the distortion affects the emission quantum yield (Φem) of the anthracenyl rings. 
Another plausible quenching mechanism is energy transfer from the anthracenyl pipi* 
excited state to a non-emitting charge transfer (CT) excited state which arises from 
the interactions between the bipy and the guest. Previous studies showed that the 
fluorescence of anthracene56 and hydroquinols36c is quenched upon their binding to 
the CBPQT4+ ion. The UV-vis absorption spectra of the inclusion complexes exhibit 
low-energy charge-transfer absorption bands ascribable to the electronic transition 
from the pi-electron-rich guests to the pi-electron-deficient bipyridinium in 
CBPQT4+.36,56 The quenching is attributed to fast energy transfer from the emitting 
pipi* excited state of the guest to the low-lying CT excited state, which returns to the 
ground state via radiationless decay. While the UV-vis absorption spectra of CH3CN 
solutions which contain 1·(OTf)4 and excess guests show no distinct new absorption 
band, a weak absorption tailing from 500 to 800 nm is observed in the spectra of the 
mixtures of 1·(OTf)4 and Nap, Phen, An, Br-An, CO2H-An (Figure A33-37) and Py. 
No such an absorption tail is found in the sum of the spectra of 1·(OTf)4 and the 
guests recorded at the same concentrations. Figure 1.30 shows the absorption spectra 
of the mixture of 1·(OTf)4 and Py, and the sum of the spectra of the two compounds. 
Similar absorption spanning ~500- 700 nm is observed in the solid state UV-vis 
reflectance spectra of the crystals of the An, Br-An, and Py-complexes (Figure 1.31). 
The solids of 1·(OTf)4 does not display such absorption tail which could be part of a 
CT band that overlaps with the absorption of the host and the guest. Notably, there is 
large overlap between the supposed CT absorption and the emission of 14+, which 
would facilitate energy transfer from the excited state of 14+ to the CT excited state. 
The CT excited state, believed to be non-emitting, would relax to the ground state via 
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radiationless decay. The absence of similar CT absorption in the spectra of the 
mixtures of 1·(OTf)4 and excess Dmb and Bip could account for the fact that the two 
compounds do not quench the emission. As Dmb and Bip are less electron-rich than 
the other guests, their CT interactions with 14+ should be weaker, and the 
corresponding CT transitions are expected to lie at higher energy.  
Another possible quenching mechanism is electron transfer from the excited 
state of 14+ to the bound guest. However, one would expect the electron transfer can 
take place intermolecularly between the excited 14+ and the free guests. The 
fluorescence titrations clearly demonstrate that the quenching only happens upon the 
binding of the guests to 14+. It rules out excited state electron transfer as a quenching 
mechanism.  
 
Figure 1.30 UV-vis absorption spectra of CH3CN solutions of 1·(OTf)4 (conc. = 2.0 
mM, black) and Py (conc. = 8.0 mM, blue), the sum of the two spectra (red), and the 




Figure 1.31 Solid State UV-vis reflectance spectra of 1·(OTf)4·4.8H2O (black), 
(1⊃An)·(OTf)4 (red), (1⊃Py)·(OTf)4·CH2Cl2, (orange) and (1⊃Br-An)·(OTf)4·Et2O 
(blue). 
 
1.2.12 Apparent Quenching of the Guests 
 
  The emission intensity of all the guests is reduced upon addition of 1·(OTf)4 
to the CH3CN solutions of the compounds. It is found that the decrease in the 






 vs [H]t (IG and oGI  are the emission intensity of the guests in the presence and 
absence of 14+, respectively). Furthermore, the gradients of the plots are equal to the 
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extinction coefficients of 14+ (Figure 1.32, A38-41). For example, the slope obtained 
from the quenching of emission intensity of An at 380 nm upon addition of 14+ is 
14343 M-1cm-1 (A58) (optical pathlength for emitted light ~1 cm, see experimental 
section). It is close to the extinction coefficient of 1·(OTf)4 at the same wavelength, 
that is 13690 M-1cm-1. In other words, the 14+ ion, acting like an emission filter, 
attenuates the fluorescence intensity of the guests by absorbing the emitted light. The 
filter effect is due to the extensive overlap between the intense low energy pi → pi* 
absorption band of 14+, which ranges from 320 – 480 nm and the fluorescence of the 
guests. Nonetheless, it does not necessarily rule out quenching of the guests by 
processes such as intramolecular energy transfer to the CT excited state. It is because 
the absorption of the host is so dominating that it is virtually impossible to extract the 
binding constants from the titrations. Dmb, Bip and Nap fluoresces at spectral region 
(emission maxima = 315 – 337 nm) which does not overlap significantly with the 
pi → pi* transition of 14+. However, the emission intensity of these guests is decreased 
markedly in the presence of 14+. Again it is caused by the filter effect of the host: the 
high energy pi → pi* transitions of these guests require excitation at 250 nm - 270 nm, 
a region where the host also absorbs strongly (ε ~ 105 M-1cm-1). As a consequence, 
addition of 14+ diminishes the intensity of the excitation light, leading to weaker 
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Figure 1.32 Beer’s plot of the emission intensity of An (IG) at 380 nm vs the 
concentration of 1·(OTf)4 ( oGI  is the emission intensity in the absence of the host). 




1.2.13 Stability of the Inclusion Complexes 
 
 The structural and spectroscopic results clearly show that the complexation 
between 14+ and the guests is predominantly resulted from the interactions between 
the aromatic rings of the host and the guests. In addition, the edge-to-face interactions 
could contribute to the stability of the inclusion complexes containing the “long” 
guests i.e. An and Py. In fact, the binding of the guests to 14+ belongs to a class of 
host-guest complexation which involves receptors with permanent charge and neutral 
aromatic molecules.57 A multitude of secondary interactions including van der Waal, 
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charge-transfer (CT), and electrostatic interactions have been invoked as the driving 
forces of this class of complexation. And in some cases, solvophobic effect plays a 
key role in stabilizing the inclusion complexes.58  
 The common way to probe the driving forces of the complexation is to 
correlate the free energy of binding with different molecular properties of the guests 
and other physical quantities.58,59 CT interactions have been suggested to be 
responsible for the complexation between CBPQT4+ and electron-rich aromatic 
molecules.36a,b,60 It is supported by the correlation between the free energy of binding 
and the electron-donating ability of the guests.60 Furthermore, for the complexation 
between CBPQT4+ and tetrathiafulvalene and its derivatives (TTF), the free energy of 
binding is increased as the reduction potential of TTF is decreased.60c However, the 
plot of –∆GNMR vs the reported reduction potentials of the guests61 measured in 
CH3CN (Guest+ + 1e- → Guest0, E vs SCE) (Figure 1.33 and Table 1.6) shows no 
correlation, implying that the CT interactions are not the primary driving force for the 
guest binding to 14+. This conclusion does not contradict with the observation of CT 
absorption bands in the solutions and solids of the inclusion complexes. In fact, 
studies showed that the CT interactions between some aromatic donors and acceptors 
can be very weak even though the mixtures of the compounds display CT bands in the 
UV-vis spectra.62 
 As the guests are transferred from a solvent cage to the cavity of 14+ upon 
complexation, their interactions with the solvent could affect the binding strength. 
The affinity of the guests for the solvent can be gauged by their solubility, which can 
be determined by UV-vis spectrometric method (Table 1.6). The complexation also 
leads to the displacement of solvent molecules from the cavity of 14+, which also 
requires free energy. Assuming this free energy is similar for the binding of all the 
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guests, one would expect a correlation between the solubility of the guests and the –
∆GNMR if solvophobic effect is one of the main driving forces of the complexation.58 
Our analysis show that the correlation of –∆GNMR and the solubility of the guests is 
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Figure 1.34 Plot of –∆GNMR vs the solubility of the guests. 
 
An, substituted An, Phen and Py, bind more strongly to 14+ than the more soluble 
Dmb, Bip and Nap. This indicates that solvophobic effect could be partly responsible 
for the stability of the inclusion complexes of the large aromatic molecules.  
 Van der Waals interactions consist of dispersive forces and attractions that are 
due to dipole induced by permanent charges. Schneider et al have shown that the 
binding of neutral aromatic guests to charged cyclophanes which contains pi-surface is 
markedly stronger than to analogous cyclophanes which are neutral.63 The increase in 
the binding strength has been attributed to the ion-dipole interactions between the 
charges in the cyclophane and the pi-electrons of the guests. Similarly it was shown 
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that the binding of charged aromatic molecules to the pi-surface of a neutral host is 
dominated by ion-dipole interactions as the interactions become stronger as the 
polarizability of the host is increased.64 Notably, a study of the complexation between 
CBPQT4+ and disubstituted biphenyls and benzenes shows a good correlation between 
the binding free energy and the molecular polarizability of the guests.65 The averaged 
molecular polarizabilty (αM) of Nap, Phen, An, Br-An, and Py were reported.66 On the 
other hand, the αM of Dmb, Bip, MeO-An, NC-An and CO2H-An can be estimated 
using Miller’s empirical equation67 2])[/4( ∑=
a
am N τα  where N is the total of 
number of electrons in the molecule and τa is the parameterized polarizability of 
individual atoms in the molecule (Table 1.6). As expected from their higher number 
of pi-electrons, the large aromatic molecules i.e. Py and An are more polarizable than 
the smaller and less conjugated ones i.e. Dmb, Bip and Nap. The plot of –∆GNMR vs 
the αM of the guests shows a reasonably good correlation with R = 0.97 (Figure 1.35). 
This suggests that the higher binding affinity exhibited by the large aromatic 








 To summarize, we have demonstrated the facile synthesis of a kinetically 
stable nanoscopic luminescent gold rectangle by the self-assembly between the 
digold(I) clip Au2(µ-PAnP)(X)2 (X = NO3 or OTf) and 4,4-bipyridine. The molecular 
recognitions of the gold rectangles in the solid state and solution have been studied in 
details. It has been shown that the molecular rectangles assemble into 2-D mosaic in 
the solid state via the complementary edge-to-face Ph-Ph interactions in the solid 
state. 1H NMR and fluorescence titrations, along with the structural results showed 
that the gold rectangle is a receptor for aromatic molecules of different sizes and 
electronic properties. The X-ray crystal structures of the inclusion complexes shows 
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the presence of pi-pi interactions between the guests and the bipy and edge-to-face or 
C-H•••pi bonding between the guests and the anthracenyl backbones of the host. 
Comparing the structures of the inclusion complexes suggests the manifestation of an 
induced-fit mechanism in the complexation. The fluorescence of the gold rectangle is 
quenched upon the guest binding. It has been argued that the quenching is due to 
either structural changes of the gold rectangle triggered by the guest binding or fast 
energy transfer from the emitting excited state of the gold rectangle to the non-
emitting CT excited state. Finally, the higher binding affinity exhibited by the 
polycyclic aromatic guests is related to the solvophobic effect, ion-dipole interactions 
and the edge-to-face interactions.   
 
1.4 Experimental Section 
 
1.4.1Synthesis of Au2(µ-PAnP)(NO3)2 
 
 Au2(µ-PAnP)Cl2 was synthesized according to the reported method.29 AgNO3 
(0.067 g, 0.39 mmol) was added to 20 ml CH2Cl2 solution of Au2(µ-PAnP)Cl2 (0.20 g, 
0.20 mmol). After stirring for 1 h, the solution was filtered to remove AgCl 
precipitates. The filtrate was concentrated by rotaevaporation. Addition of excess 
diethyl ether to the solution precipitated the product was precipitated as yellow solids, 
which was subsequently dried in vacuum. Yield = 57%. X-ray diffraction quality 
crystals were grown by slow diffusion of ether into a CH2Cl2 solution of the 
compound. Anal. Calcd for C38H28Au2N2O6P2: C, 42.86; H, 2.63; N, 2.63. Found: C, 
43.21; H, 2.61; N, 2.43. 31P NMR (121.5 MHz, CDCl3): δ 20.31(s). 1H NMR (300 
MHz, CDCl3): δ 7.20-7.15 (m, 4H H2,3,6,7 of anthracenyl ring); 7.70-7.45 (m, 20H, 
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Ph), 8.28-8.24 (m, 4H, H1,8,4,5 of anthracenyl ring). ESI-MS (m/z, assignment): 743.5 
[Au2(PAnP)]2+. 
 
1.4.2 Synthesis of [Au4(µ-PAnP)2(µ-bipy)2](X)4 (1·(X)4, X = NO3, OTf, ClO4 and 
PF6) 
 
 1·(NO3)4 was synthesized from a reaction of Au2(µ-PAnP)(NO3)2 (0.20 g, 0.19 
mmol) and bipy (0.03 g, 0.19 mmol) in 20 mL of CH2Cl2. Stirring the solution at 
room temperature for 1 h gave yellow precipitates. The solids collected from filtration 
were washed extensively with CH2Cl2. The product was purified by recrystallization 
from diffusion of ether into a CH2Cl2/MeOH (8:2, v/v) solution of the compound. 
Yield = 82 %. 1·(NO3)4: Anal. Calcd for C96H72Au4N8O12P4: C, 47.23; H, 2.97; N, 
4.59. Found: C, 47.42; H, 3.00; N, 4.83. 1H NMR spectrum (CD3CN, 300 MHz): δ 
8.65 (d, 8H, Hα of bipy), 8.42 (dd, 8H, H2,3,6,7 of anthracenyl ring), 8.03 (d, 8H, Hβ of 
bipy), 7.84-7.61 (m, 40H Ph), 7.34 (dd, 8H, H1,4,5,8 of anthracenyl ring). 31P{1H} 
NMR (CD3CN, 121 MHz): δ 21.35(s). ESI-MS (m/z assignment): 1157.8 [Au2(µ-
PAnP)(bipy)+NO3]+, 751.4 (14++NO3)3+, 626.3 [Au2(PAnP)(bipy)2]2+, 743.5 
[Au(PAnP)]+. 1·(OTf)4, 1·(ClO4)4 and 1·(PF6)4 were prepared by adding excess 
NaOTf, LiClO4 and NaPF6 (~ 0.3 g) respectively to a suspension of 1·(NO3)4 (0.1 g) 
in 10 mL MeOH. The mixture was stirred for 2 h. The solids collected from filtration 
were washed with MeOH and dried in vacuum. The compounds were purified by 
recrystallization from slow diffusion of ether into their CH2Cl2/MeOH (8:2, v/v) 
solutions. The 1H NMR spectra of all three compounds are identical to that of 
1·(NO3)4. 1·(OTf)4·4.8H2O (yield = 45%): Anal. Calcd for 
C100H81.6Au4F12N4O16.80P4S4: C, 41.76; H, 2.85; N, 1.95. Found: C, 41.46; H, 2.62; N, 
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1.84. 31P{1H} NMR (CD3CN, 121 MHz): δ 22.76(s). ESI-MS (m/z, assignment): 
1194.9 [Au2(µ-PAnP)(bipy)+OTf]+, 763.8 (14++OTf-)3+, 743.5 [Au(PAnP)]+, 626.3 
[Au2(PAnP)(bpy)2]2+ . 1·(ClO4)4 (yield = 54 %): Anal. Calcd. for C, 44.50; H, 2.80; N, 
2.16. Found: C, 44.38; H, 3.04; N, 2.46. 31P{1H} NMR (CD3CN, 121 MHz): δ 22.89 
(s). ESI-MS (m/z, assignment): 1194.9 [Au2(µ-PAnP)(bipy)+ClO4]+, 763.8 
(14++ClO4)3+, 743.5 [Au(PAnP)]+, 626 [Au2(PAnP)(bpy)2]2+. 1·(PF6)4 (yield = 58 %) 
Anal. Calcd. for C96H72Au4N4F24P8: C, 41.58; H, 2.62; N, 2.02. Found: C, 41.39; H, 
2.97; N, 2.33. 31P{1H} NMR (CD3CN, 121 MHz): δ 22.89 (s). ESI-MS (m/z, 
assignment): 1241.1 (14++2PF6)2+, 779.2 (14++PF6)3+, 743.5 [Au(PAnP)]+, 626.3 
[Au2(PAnP)(bpy)2]2+. 
 1·(OTf)4 was also synthesized by the following procedure: to a 10 mL CH2Cl2 
solution of Au2(µ-PAnP)Cl2 (0.5 g, 0.49 mmol) was added two mol. equiv of 
AgCF3SO3 (0.25 g, 0.98 mmol) and the solution was stirred in darkness for 3 h. The 
solution was filtered to remove AgCl and the filtrate, a yellow solution, was 
transferred to a 5 mL CH2Cl2 solution of 4,4’-bipyridine (0.15 g, 0.98 mmol). The 
solution was stirred at room temperature for 5 h. During the stirring, yellow 
precipitates gradually appeared. The solids collected from filtration were washed 
extensively with diethyl ether. The compound was purified by recrystallization from 
slow diffusion of ether into a CH2Cl2/CH3OH (8:2, v/v) solution of the product. Yield 
= 82 %. The crystals 1·(OTf)4·4.8H2O obtained were used for single crystal X-ray 






1.4.3 Crystallization of (1⊃An)·(OTf)4, (1⊃Py)·(OTf)4·CH2Cl2 and (1⊃Br-An) 
(OTf)4·Et2O  
 
In a typical crystallization of the host-guest complexes, 4-5 mol equiv of the 
aromatic guests An, Py, Br-An was added to a CH2Cl2/MeOH (8:2, v/v) solution of 
1⋅(OTf)4 (~ 10-3 M). Slow diffusion of diethyl ether into the mixtures afforded crystals 
of the complexes (1⊃An)⋅(OTf)4 (yield = 35 %): Anal. Calcd for 
C114H82Au4F12N4O12P4S4: C, 46.14; H, 2.78; N, 1.89. Found: C, 45.88; H, 3.03; N, 
2.01. (1⊃Py)⋅(OTf)4⋅CH2Cl2 (yield = 45 %): Anal. Calcd for 
C117H84Au4Cl2F12N4O12P4S4: C, 45.67; H, 2.75; N, 1.82. Found: C, 46.02; H, 3.06; N, 
2.00. (1⊃Br-An)⋅(OTf)4⋅Et2O (yield = 50 %): Anal. Calcd for 
C118H91Au4BrF12N4O13P4S4: C, 45.41; H, 2.94; N, 1.79. Found: C, 45.38; H, 2.97; N, 
1.94. See the text for the NMR data of the host-guest complexes. 
 
1.4.4  X-ray crystallography 
 
 The diffraction experiments were carried out on a Bruker AXS SMART CCD 
3-circle diffractometer with a sealed tube at 23°C using graphite-monochromated Mo 
Kα radiation (λ = 0.71073 Å). The software used were: SMART43a for collecting 
frames of data, indexing reflection and determination of lattice parameters, SAINT43a 
for integration of intensity of reflections and scaling, SADABS43b for empirical 
absorption correction, and SHELXTL43c for space group determination, structure 
solution and least-squares refinements on |F|2. The crystals were mounted in 
capillaries for the diffraction experiments. Anisotropic thermal parameters were 
refined for rest of the non-hydrogen atoms. The hydrogen atoms were placed in their 
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ideal positions. A brief summary of crystal data and experimental details are given in 
the Table 3.1 and the selected bond length, angles and structural parameters are given 
in Tables 1.2 and 1.3. Au2(µ-PAnP)(NO3)2·0.5Et2O: totally 97103 reflections were 
collected in the 2θ range, 1.48 – 27.50° (-27 ≤ h ≤ 27, -23 ≤ k ≤ 23, -26 ≤ l ≤ 26) of 
which 8863 (Rint = 0.0590) were independent reflections. One of the NO3 group is 
disordered over two positions with occupancies of 50: 50. The electron densities 
fluctuated between 5.998 and –4.467 eÅ-3 in the final Fourier difference map. 
1·(OTf)4·4.8H2O: totally 28608 reflections were collected in the 2θ range, 1.99 – 
25.00° (-33 ≤ h ≤ 33, -29 ≤ k ≤ 29, -12 ≤ l ≤ 12) of which 6390 (Rint = 0.1192) were 
independent reflections. The CF3-groups of the triflate ions are disordered over two 
positions. On average there are 4.8 H2O molecules per 14+ ion. The electron densities 
fluctuated between 2.287 and –1.774 eÅ-3 in the final Fourier difference map. 
(1⊃An)·(OTf)4: totally 21459 reflections were collected in the 2θ range, 1.93 – 
25.00° (-33 ≤ h ≤ 26, -28 ≤ k ≤ 28, -12 ≤ l ≤ 12) of which 6586 (Rint = 0.0443) were 
independent reflections. The electron densities fluctuated between 1.456 and –0.746 
eÅ-3 in the final Fourier difference map. (1⊃Py)·(OTf)4·CH2Cl2: totally 21784 
reflections were collected in the 2θ range, 1.68 – 25.00° (-33 ≤ h ≤ 33, -28 ≤ k ≤ 23, -
12 ≤ l ≤ 11) of which 6659 (Rint = 0.0859) were independent reflections. The Py is 
disordered over two positions which are related by a 180° rotation around the C2 axis 
of the gold rectangle. The occupancies of the two disordered sites are equal. The 
electron densities fluctuated between 1.134 and –0.643 eÅ-3 in the final Fourier 
difference map. (1⊃Br-An)·(OTf)4·Et2O: totally 80600 reflections were collected in 
the 2θ range, 1.48 – 25.00° (-28 ≤ h ≤ 32, -25 ≤ k ≤ 21, -28 ≤ l ≤ 28) of which 12675 
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(Rint = 0.0443) were independent reflections. The 9-bromoanthracene is disorder over 
two positions which are related by 180º rotation around the long axis of the molecule. 
The disorder is modeled with occupancies 55% (site A) and 45% (site B). For each 
cation, there are four CF3SO3- anions. Two of them are at normal position (A1) and 
the other two at special position S2 and S3. The anion at S3 is disorder with flipping 
over of its CF3-group. Restraint in bond lengths in 9-bromoanthracene and the anions 
are applied. The electron densities fluctuated between 1.922 and –1.260 eÅ-3 in the 
final Fourier difference map.  
 
1.4.5 Summary and future research outlook 
 
 To summarize, the facile synthesize of a kinetically stable nanoscopic 
luminescent gold rectangle by the self-assembly between the digold(I) clip Au2(µ-
PAnP)(X)2 (X = NO3 or OTf) and 4,4-bipyridine have been demonstrated in this 
study. The molecular recognitions of the gold rectangles in the solid state and solution 
have been studied in details. It has been shown that the molecular rectangles assemble 
into 2-D mosaic in the solid state via the complementary edge-to-face Ph-Ph 
interactions in the solid state. 1H NMR and fluorescence titrations, along with the 
structural results showed that the gold rectangle is a receptor for aromatic molecules 
of different sizes and electronic properties. The X-ray crystal structures of the 
inclusion complexes shows the presence of pi-pi interactions between the guests and 
the bipy and edge-to-face or C-H•••pi bonding between the guests and the anthracenyl 
backbones of the host. Comparing the structures of the inclusion complexes suggests 
the manifestation of an induced-fit mechanism in the complexation. The fluorescence 
of the gold rectangle is quenched upon the guest binding. It has been argued that the 
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quenching is due to either structural changes of the gold rectangle triggered by the 
guest binding or fast energy transfer from the emitting excited state of the gold 
rectangle to the non-emitting CT excited state. Finally, the higher binding affinity 
exhibited by the polycyclic aromatic guests is related to the solvophobic effect, ion-
dipole interactions and the edge-to-face interactions.  
 The self assembly of much more complicate structures such as cage based on 
the molecular “clip” Au2(µ-PAnP)2+ is worthwhile to be studied further. By assembly 
with pyridyl porphyrin ligand, 5,10,15,20-tetra(4-pyridyl)porphyrin, a cofacial 
porphyrin cage as quinones receptor was prepared. Detail study of the system is 
carrying out. On the other hand, much more complicate assembly based on the gold 
rectangle 1·(OTf)4 is also interesting. A pseudorotaxane assembly with two gold 
rectangles and a 4,4’-(anthracene)biphenyl was prepared. It was demonstrated that the 
further study of assemble of supramolecule structures based on the gold rectangle 



































Silver(I) ion is one of the most popular metal ions used in the coordination-
directed self-assembly. Because of its borderline hardness, it is compatible with both 
hard and soft ligands. Unlike gold(I) ion which forms predominantly linear 
complexes, silver(I) ion can adopt various coordination geometry, i.e., linear, trigonal 
planar, and tetrahedral, and hence coordination number.68 This gives rise to rich 
structural diversity of complexes of the metal ion. On the other hand, it also makes 
predictions and hence control of the structures of the supramolecular assemblies 
rather difficult. The problem is further complicated by the fact that the three 
dimensional structures of supramolecular assemblies are often subject to the effects of 
anions and solvents.69 It is common that the reactions of silver ions and bidentate 
ligands produce metallacycles or polymers and the products that crystallize from the 
solution depends on the anions which could exert template effects or act as ligands, 
and the solvent used for crystallization. Apart from the complexity of the solid state 
structures, silver metallacycles and polymers are prone to undergo solution 
exchanges. One of the reasons is that the silver-ligand bonds are kinetically labile. 
Accordingly the metal-ligand bond breaking and formation are facile. In addition, due 
to the lack of structural preference, the free energy difference between different 
structures is small. As a result, various structures are involved in rapid exchanges in 
solution. The position of the equilibrium could be influenced by a number of factors 
such as temperature, solvent and anion. For example, Hannon et al reported an 
example of the “frustration” principle, in which opposing tendencies cannot 
simultaneously be satisfied and identify an alternative approach to the design of 
metallo-supramolecular systems whose structure is responsive to external agents.69e 
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The coordination of silver(I) and 4’-thiomethyl-2,2’:6’,2”-terpyridine was 
investigated by them and gives rise to a range of different molecular architectures 
which display a remarkable dependence both on the choice of non-coordinated anion 
and the type of solvent used (coordinating or non-coordinating). 
However, most of the work on silver(I) coordination-directed self-assemblies 
invokes of N-donor ligands.69 Recent research demonstrated that reactions of AgI ion 
and polyphosphine ligands can also lead to metallacycles and coordination polymers. 
The flexible coordination orientation of phosphorus makes the phosphine ligands 
more flexible comparing to the N-donor ligands and leads to more complicated 
structures of the resulting silver(I) phosphine complexes. In addition, similar to that of 
N-donor ligand silver complexes, the structure of the resulting silver phosphine 
complexes can be influenced by the anions and solvents.70 In spite of this, variety of 
structures of silver(I) phosphine complexes have been isolated. Some representative 
examples of silver(I)-diphosphine and triphosphine complexes are shown in Table 
2.1. For example, with a short spacer group ( methane, ethylene or ferrocene ), the 
binuclear silver(I) phosphine complex adopts the structure A.70a,b,f Structure B is 
found with the diphosphine ligand 1,2-bis[(diphenylphosphino)methyl]benzene,70c 
while structure D is found with flexible or  longer ligands: 1,1’-
bis(diphenylphosphino)-ferrocene(dppf), 1,5-bis(diphenylphosphino)pentane and 1,6-
bis(diphenylphosphino)hexane.70d,e,f Structure C and E are known with the 
diphosphines 1,1’-bis(diphenylphosphino)-ferrocene or µ-
bis(diphenylphosphino)acetylene (dppa).70f.g,h   
With triphosphine ligands, multinuclear silver(I) cage complexes were obtained. An 
example is a unique inorganic ‘super-adamantoid’ cage(K) 
 90 
[Ag6(triphos)4(O3SCF3)4]2+ (triphos = (PPh2CH2)3CMe) which was formed by anion 
templating.70i 
Table 2.1 Examples of silver(I) phosphine complexes 
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*        P P = Diphosphine Ligand  
 
Examples of silver(I) phosphine polymer and framework are those reported by 
Puddephatt, James and Goh. Polymeric structure F of silver(I) phosphine complexes 
based on the -tran-bis(diphenylphosphino)ethylene (dppe) ligand, G based on -
bis(diphenylphosphino)acetylene ligand, and pucker sheet structure H based on -
bis(diphenylphosphino)hexane ligand were reported by Puddephatt et al.70b On the 
other hand, silver(I) phosphine complexes with polymeric structure I based on -
bis(diphenylphosphino)acetylene ligand was obtained by James et al.70g James et al 
also reported a nanoporous metal-organic framework [Ag4L3(O3SCF3)4]n (L = 1, 3, 5-
tris(diphenylphanyl)benzene) with remarkably wide (1.60-1.84nm) channels.70j 
Polymeric structure F of [Ag2(OTF)2(dppf)]n which was believed stabilized by 
intermolecular C-H · · · π interaction was also obtained by Goh et al  recently.70r With 
the same ligand and different anion Goh et al isolated polymeric structure J of 
[Ag(η2-O2CCF3)(dppf)]n.70q 
The solution dynamics of silver phosphine complexes have been studied by 
several groups. For example, Muetterties et al investigated the solution structure and 
kinetic behavior of silver(I)-phosphine and phosphite complexes as early as 1972.70s 
They observed the equilibrium of silver(I) phosphine complexes in solution and 
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reported the dependence of the exchange of the labile ligands on the nature of the 
counteranion. James et al also discussed the solution dynamics of the silver(I)-dppa 
complexes and proposed a ring-opening polymerization mechanism.70g Recent studies 
on the Agdppf(X) (X= OTf-, CF3CO2-) complexes by Goh et al  provided another 
example of solution dynamic behavior of silver(I) phosphine complexes.70q,r All of 
those studies showed the lability of the Ag-P bond and the existence of equilibrium in 
solution between silver(I) phosphine complexes. However, a clear understanding of 
the nature of the dynamic behavior of silver(I) phosphine complexes is still 
unavailable. 
Described in this chapter is the study of the reactions of PAnP and different silver 
salts AgX (X = OTf-, PF6-, BF4- and ClO4-). The objective is to isolate the products of 
the reactions, and to examine the effects of anions and solvents on the product 
distribution. Similar to other reactions between AgI ion and diphosphine or dipyridine 
ligands, the reaction between PAnP and AgI produces oligomeric and polymeric 
complexes. Six new complexes were isolated and structurally characterized. These 
include helical chains {[Ag(µ-PAnP)(CH3CN)][OTf]∙0.5CH3CN}n (1), {[Ag(µ-
PAnP)(CH3CN)][ClO4]}n (2a) and {[Ag(µ-PAnP)(CH3CN)][PF6]}n (3a), the 
tetrameric [Ag(µ-PAnP)]4[ClO4]4∙4CH2Cl2 (2b), the dimeric [Ag(µ-
PAnP)(CH3CN)2]2[PF6]2∙1.5Et2O∙0.35CH2Cl2 (3b), and the trimeric [Ag(µ-
PAnP)]3[BF4]3∙4Et2O∙CH3OH (4). The complexes display rich exchange dynamics in 
solution. Efforts were made to understand the dynamic behavior. 
 



















Scheme 2.1 Reactions of PAnP ligand with AgOTf, AgClO4, AgPF6, and AgBF4. 
 
 
Reaction of AgX (X = OTf-, PF6-, BF4- and ClO4-) and PAnP were carried out 
in CH3CN at room temperature under N2 atmosphere. The four reactions produced 
yellow solutions, from which bright yellow solids were isolated. In the following 
discussion, the reactions between PAnP and AgOTf, AgClO4, AgPF6 and AgBF4 are 
referred as reactions 1, 2, 3 and 4, respectively. Depending on the solvents used for 
crystallization, different complexes were isolated from the products of the reactions. 


































products. Complexes 1a, 2a and 3a were crystallized from a CH3CN/ether solution of 
the products of reactions 1, 2 and 3, respectively. On the other hand, the products of 
reactions 2 and 4 gave crystals of complexes 2b and 4 when the solvent used for 
crystallization was CH2Cl2/ether and CH2Cl2/MeOH/ether respectively. Interestingly, 
the product of reaction 3 gave another form of crystals, corresponding to complex 3b, 
when the solvent was a mixture CH2Cl2 and CH3CN. The reactions and the products 
are summarized in Scheme 2.1. 
 
2.2.2 X-ray Crystal Structures 
 
2.2.2.1 Structures of {[Ag(µ-PAnP)(CH3CN)][OTf]∙0.5CH3CN}n (1), {[Ag(µ-
PAnP)(CH3CN)][ClO4]}n (2a), and {[Ag(µ-PAnP)(CH3CN)][PF6]}n (3a) 
 
Crystals of 1, 2a and 3a were obtained from slow diffusion of diethyl ether into 
acetonitrile solutions of the products of the reactions 1, 2 and 3, respectively. The X-
ray crystal structures of 1, 2a and 3a are shown in Figures 2.1, 2.2 and 2.3, 
respectively. Selected bond lengths and angles are listed in Table 2.2. The three 
complexes are polymeric, showing similar helical chains. Each helical chain is 
composed of PAnP linked by AgI ions. The pitches of the helices are 9.76 Å, 9.70 Å 
and 9.76 Å for complex 1, 2a and 3a, respectively. Each pitch comprises two Ag(I) 
ions and two PAnP ligands. It has been shown that anions could have dramatic effects 
on the helix constructed from silver(I) ions and bridging N-donor ligands. For 
example, Moore et al reported that for the helical polymer {[AgL2]X}∞ (L = 4,4’-
biphenyldicarbonitrile; X = PF6-, AsF6- or SbF6-), an increase in anion volume causes 





Figure 2.1 Diagrams showing single-strand helical structure of complex 1. All 




Figure 2.2 Diagrams showing single-strand helical structure of complex 2a All 
hydrogen atoms are omitted for clarity 
 
 
Figure 2.3 Diagrams showing single-strand helical structure of complex 3a All 






al observed that an increase in anion volume from BF4- to PF6- leads to an increase in 
helix volume accompanied with a contraction of the helical pitch of {[Ag(bpyz)]X}∞ 
(bpyz = 2, 2’-bipyrizaine; X = BF4-, PF6-).69f That 1, 2a and 3a display similar pitch 
distance indicates the anion has little effect on the three dimensional structures of the 
polymers.  
As shown in Figure 2.4, the silver(I) centers in the three complexes are four 
coordinated to two P atoms of successive PAnP in the chain, the nitrogen atom of 
CH3CN and the anion. The coordination geometry is best described as trigonal 
pyramidal but it is noted that the trigonal pyramidal P2AgN is only slightly distorted 
from planarity. The distances of the Ag ion from the mean plane of the two P atoms 
and nitrogen atom are 0.409 Å, 0.431 Å and 0.347 Å for complex 1, 2a and 3a, 
respectively. The small distortion is due to the weak bonding with the apical anions. 
The distances between the donor atoms in the anions and the silver ions are long, 
being 2.519(5) Å (Ag-O), 2.679(14)Å (Ag-O) and 2.925(9) Å (Ag-F) for 1, 2a and 3a, 
respectively. The bond distances seem to follow the coordinating power of the anions. 
OTf-, having a negative charge delocalized over three oxygen atoms should be  
Table 2.2  Selected bond lengths (Å) and angles (deg) for complexes 1, 2a and 3a. 
 Complex 1  Complex 2a  Complex 3a 
Ag(1)-N(1) 2.389(7) 2.393(7) 2.370(7) 
Ag(1)-P(1) 2.4941(19) 2.4954(15) 2.4741(13) 
Ag(1)-P(2) 2.4976(19) 2.5035(14) 2.4875(12) 
Ag(1)-O(1) 2.519(5) 2.679(14)  
Ag(1)-F   2.925(9) 
P(1)-Ag(1)-P(2) 150.73(5) 148.71(5) 150.79(5) 
C(1)-P(1)-Ag(1) 116.40(16) 118.58(18) 116.40(16) 
N(1)-Ag(1)-P(1) 104.71(16) 103.22(18) 104.71(16) 
N(1)-Ag(1)-P(2) 96.86(15) 96.68(16) 96.86(15) 
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Figure 2.4 ORTEP diagrams of complex 1, 2a and 3a. (a) 1; (b) 2a; (c) 3a. Thermal 
ellipsoids are drawn with 50% probability. All hydrogen atoms are omitted for clarity 
 
more coordinative than ClO4- in which a negative charge is shared by four oxygen 
atoms. PF6-, which has a negative charge shared by 6 fluorides, should be the least 
coordinative and it is not surprising that the Ag-F distance is longer than the Ag-O 
distances in 1 and 2a. The angles of P-Ag-P are similar in complex 1 (150.73(5)º), 2a 
(148.71(5)º), and 3a (150.79(5)º), respectively. The Ag-N distance (2.389(7) Å, 
2.393(7) Å and 2.370(7) Å, respectively for complex 1, 2a and 3a) is typical. The 
anthracenyl rings are slightly curved, as was observed for the coordination complexes 
of gold(I) and PAnP ligand12e,47. The deviation of the anthracene ring from planarity is 
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probably to alleviate the steric congestion between the protons of the anthracenyl and 
phenyl rings. The two P-Ag-P units of each PAnP are in syn-orientation, showing 
torsional angles of Ag1-P1-P2-Ag1a. The torsional angle of Ag1-P1-P2-Ag1a is 
9.76(9)º, 10.11(6)º and 11.50(10)º for complex 1, 2a and 3a, respectively. The 
torsional angles, as well as the tetrahedral geometry of the metal centers, give rise to 
the “helicity” of the polymers.  
Close inspection reveals intriguing edge-to-face C-H •••pi interactions between 
adjacent anthracenyl rings in a chain. Figure 2.5 shows the positions of three 
neighboring anthracenyl rings. Two protons in one end of a lateral ring of each 
anthracenyl ring are directed to the centre of the central ring of its adjacent 
anthracenyl ring. The distance between the centriod of the lateral anthracenyl ring and 
the centriod of the adjacent anthracenyl ring is 4.925 Å, 4.891 Å and 4.921 Å 
respectively for complex 1, 2a 3a, and the two interacting anthracenyl rings make an 
 
 
Figure 2.5 ORTEP(left) and space filling(right) diagrams showing edge to face π-π 
interactions of anthracenyl rings in complex 1. X(1A), X(1D) are centroids of 
anthracenyl ring An1 and An2. X(1B) and X(1C) are centroids of lateral ring of 
anthracenyl rings An2 and An3. (An1,An2,An3 represent adjacent three anthracenyl 




angle of 83.03º, 81.66º and 79.56º respectively for complex 1, 2a and 3a. These 
structural parameters are within the defined range ( phenyl ring centroid-centroid 
distance > 4.5 Å and 7 Å <, dihedral angles within 30º of 90º ) of aromatic-aromatic 
interactions reported by Burley71a and compare favorably with aromatic complexes 
that exhibit similar edge-to-face interactions.52The interactions propagate along the 
polymer chain with each anthracenyl ring acting as hydrogen bond donor and 
acceptor. Similar observations were reported by Hannom et al when they studied the 
coordination of the N-donor ligand L ( L=4,4’-methylenebis[N-(2-
pyridinylmethylene)]benzenamine or 4,4’-methylenebis[N-(2-
quinolinylmethylene)]benzenamine ) with silver(I). He observed that the phenyl rings 
of the diarylmethane spacer, which separates the metal binding units, are edge-to-face 
π-stacked with those on the adjacent ligand strand (centroid–centroid: 5.1 and 5.2Å) 
and proposed that the double-helical array [Ag2L2][PF6]2 resulted from inter-strand 
edge-to-face π-stacking interactions which pulled the ligand strands together.69j The 
extensive edge-to-face C-H •••pi interactions observed in the polymer chains of 
silver(I) PAnP could be the reason for the stability of the structures. 
 
2.2.2.2 Structure of [Ag(µ-PAnP)]4[ClO4]4∙4CH2Cl2 (2b) 
 
A discrete metallacycle [Ag(µ-PAnP)]4[ClO4]4∙4CH2Cl2 (2b) was crystallized out 
from a solution of the product of reaction 2 in CH2Cl2/diethyl ether mixture. The 
complex shows an intriguing bowl-like structure in which four PAnP ligands are 
linked by four silver ions with four silver(I) and four ligand PAnP (Figure 2.6 and 
3.7). The four anthracenyl rings are nearly parallel to the central vertical axis of the 
ring, and can be divided into two pairs according to their positions. The opposite rings 
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have the same orientation, and one pair is “up” while the other one is “down”. This 
gives the molecules a saddle shape. Intriguingly, two of the four ClO4- ions are 
encapsulated in the central position of the ring. The anions are weakly bonded to two 
of the Ag ions – Ag(2) and Ag(2A). Each of these Ag ions is bonded to the two ClO4- 
ions via the oxygen atoms. The Ag-O distance is 2.786 Å, similar to the distance (Ag-
O = 2.639 Å) found in the complex Ag2(dpph)2(µ-ClO4)2 (dpph = 1, 6–
bis(diphenylphosphino)hexane).70d The two silver ions exhibit a distorted tetrahedral 
geometry, with the P-Ag-P units (P(2)-Ag(2)-P(2B) = 149.97(9)°) being bent towards 
the center of the ring. On the other hand, the coordination of the other two silver ions 
Ag(1) and Ag(1A) is almost linear, with P(1)-Ag(1)-P(1)A angle of 168.2(9) Å. 
Because of the coordination of the ClO4- ions to the two opposite Ag ion, there is no 
center of inversion in the molecule. The symmetry of the complex is lowered to C2 
with the central vertical axis of the ring as the C2 axis. It is therefore interesting to 
note that while a single ClO4- has Td symmetry, the two ClO4- ions in the silver ring 
combine to form a C2 dimeric. The match between the symmetry of the metallacyle 
and the anions it included suggest that the formation of the ring could be due to the 
template effect of the anions. If this is the case, the complex represents the first 
example where a low symmetry metallacycle is templated by high symmetry anions 
which combine to form a low symmetry dimeric. The inclusion of two anions also 
reduces the charge of the cation from +4 to +2. This could be the reason for the 





Figure 2.6 Diagram of complex 2b viewing down crystallographic a axis. Solvent 
molecules and all hydrogen atoms are omitted for clarity. Solvent molecules and all 
hydrogen atoms are omitted for clarity. 
 
 
Figure 2.7. ORTEP diagram of complex 2b. Thermal ellipsoids are drawn with 50% 
probability. The phenyl groups, solvent molecules and all hydrogen atoms are omitted 
for clarity. 
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2.2.2.3 Structure of [Ag(µ-PAnP)(CH3CN)2]2[PF6]2∙1.5Et2O∙0.35CH2Cl2 (3b)  
 
While only helical polymers were crystallized out from CH3CN/diethyl ether, 
changing the solvents led to crystals of different complexes. The product of the 
reaction 3 gave crystals of complex [Ag(µ-
PAnP)(CH3CN)2]2[PF6]2∙1.5Et2O∙0.35CH2Cl2 (3b) from a CH3CN/CH2Cl2/diethyl 
ether mixture. X-ray analysis showed that the complex is a discrete metallacycle 
composed of two PAnP linked by two Ag ions (Figures 2.8 and 2.9). There are two 
independent molecules of very similar structures in the crystals of 3b. The two 
anthracenyl rings are nearly parallel and slightly staggered in both molecules (Figure 
2.9). The shortest distance between the rings is 4.33 Å and 3.98 Å which is slightly 
longer than the range of 3.3-3.8 Å for parallel aromatic pi−pi stacking.71b Each silver 
atom is coordinated to two P atoms and the nitrogen atoms of two acetonitrile 
molecules. The PF6- ions are not involved in bonding with the metal ions. The 
coordination geometry of the silver ions is distorted tetrahedral. It is noted that the 
angles of P(1)-Ag(1)-P(2) and P(3)-Ag(2)-P(4) are 144.29(3)º and 142.79(4)º, 
respectively,  which are 10° smaller than the P-Ag-P angles in the polymers. The Ag-
P distances, which are between 2.4757(11) to 2.4869(10) Å, are similar to that of the 
polymeric complex 3a (2.4741(13) and 2.4875(12) Å), but shorter than that of 
complex 1 or 2a (2.4941(15) to 2.5035(14) Å).  On the other hand, the Ag-N 
distances, which are between 2.388(5) Å to 2.432(5) Å, are longer than that of 






Figure 2.8. ORTEP diagram of complex 3b. Thermal ellipsoids are drawn with 50% 










Figure 2.9. ORTEP diagrams of one of the two independent molecules of complex 
3b. Thermal ellipsoids are drawn with 50% probability. Solvent molecules in the 
lattice and all hydrogen atoms are omitted for clarity. (a) diagram showing the parallel 
of two anthracenyl ring of PAnP ligand. (b) diagram showing the stagger of the two 




2.2.2.4 Structure of [Ag(-PAnP)]3∙[BF4]3.4Et2O∙CH3OH (4) 
 
Crystal of [Ag(-PAnP)]3∙[BF4]3.4Et2O∙CH3OH (4) were obtained from a 
CH2Cl2/diethyl ether solution. X-ray analysis shows that the cation of 4 is a hexagonal 
ring comprising three bridging PAnP ligands and three silver atoms (Figure 2.10). 
The two PPh2 groups in the coordinated PAnP are in syn-conformation. The three 
anthracenyl rings are nearly perpendicular to the mean plane of the ring, which 
diameter, taken as the distance between P1 and P4, is 9.897 Å. Notably, the 
anthracenyl rings are nonplanar as they curve slightly awary from the center of the 
cavity. A dihedral angle of 13.29º, 16.08º and 16.94º is found between the two lateral 
rings of the three anthracenyl rings. One of the three BF4- ions is trapped in the middle 
of the ring. The anion is disordered over two positions with occupancies of 0.6 ( F(5), 
F(6), F(7), F(8) ) and 0.4 ( F(5A), F(6A), F(7A), F(8A) ) which are related by 
inversion. The other two BF4- ions are outside of the ring and one of them is involved 
in weak bonding interactions with a silver ion. The Ag-F distance (Ag(3)-F(9)) is 2.79 
Å. which is shorter than the sum of the van der Waals radii of Ag-F and comparable 
to those reported for complexes of BF4- and AgI ion.5h Because of the interactions, the 
P(5)-Ag(3)-P(6) angle is 156.83(9)°, which is significantly smaller than the other P-
Ag-P angles in the complex (167.04(10)° and 165.10(10)°). The side view of the 
molecule shows that the hexagonal ring is puckered, displaying a chair conformation 
analogous to the one adopted by cyclohexan (Figure 2.10(b). A similar chair 
conformation was observed in the complex [Au3(PAnP)3][ClO4]3 which was 
demonstrated to be a structural and dynamic analog of the organic molecule 
cyclohexane.12e Like cyclohexane, which has axial and equatorial H atoms, the silver 
ring has six axial phenyl rings lying up and down along the central axis of the 
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hexagonal ring and six equatorial phenyl rings alternating about a plane at right angles 
to the central axis.  
 
(a)                                                                               (b) 
 
 
Figure 2.10 ORTEP diagrams of complex 4; (a) Top and (b) Side view. Thermal 
ellipsoids are drawn with 30% probability. Solvent molecules and all hydrogen atoms 
are omitted for clarity. 
 
Close inspection of the structure suggests the presence of pi -pi stacking 
between the anthracenyl rings and the axial phenyl rings. A space filling presentation 
of the X-ray crystal structure of the complex (Figure 2.11) shows that the lateral ring 
of each upright anthracenyl ring (yellow) overlaps with the axial phenyl ring (gray) 
coming from an adjacent PAnP ligand. The two interacting rings are nearly parallel, 
showing a dihedral angle of 11.69°. The closest C-C distance between the lateral ring 
of the anthracenyl group and the axial phenyl ring is 3.42 Å. This dihedral angle and 
C-C distance is within the range 3.3-3.8 Å for parallel aromatic pi−pi stacking.71b 
Similar observation was found in the cage of Ag2(dppa)32+ (dppa=-
bis(diphenylphosphino)acetylene) by James et al.70h Sixteen intramolecular aromatic 
contacts of both stacking and C–H•••pi types in the range 3.5–3.8 Å (C–C distance) 
between the twelve phenyl groups were observed for the cage of Ag2(dppa)32+. It is 
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believed that the silver ring 4 is stabilized by the template effect of the anion as well 
as the intramolecular pi−pi stacking of the anthracenyl and axial rings. In addition, one 
of the three BF4- ions is encapsulated in the silver ring. This reduces the charge of the 
complex from +3 to +2 and could contribute to the stability of the complex in a non 




Figure 2.11 Space filing diagram showing face-face π-π interaction of phenyl-
anthracene of complex 4. Aions, solvent molecules and hydrogen atoms are omitted 
for clarity. (lateral ring of each upright anthracenyl ring (yellow), the axial phenyl 


























Table 2.3 Selected bond lengths (Å) and angles (deg) for complexes 2b, 3b and 4 
Complex 3b 
Ag(1)-N(1) 2.404(5) P(1)-Ag(1)-P(2) 144.29(3) 
Ag(1)-N(2) 2.432(5) N(1)-Ag(1)-P(1) 96.28(11) 
Ag(1)-P(1) 2.478(11) N(2)-Ag(1)-P(1) 104.88(13) 
Ag(1)-P(2) 2.4869(10) N(1)-Ag(1)-N(2) 89.63(19) 
Ag(2)-N(3) 2.413(6) P(3)-Ag(2)-P(4) 142.79(4) 
Ag(2)-N(4) 2.388(5) N(3)-Ag(2)-P(3) 100.02(14) 
Ag(2)-P(3) 2.4757(11) N(4)-Ag(2)-P(3) 109.39(15) 
Ag(2)-P(4) 2.4828(11) N(3)-Ag(2)-N(4) 87.6(2) 
Complex 4 
Ag(1)-P(1) 2.401(2) P(1)-Ag(1)-P(2) 167.04(10) 
Ag(1)-P(2) 2.410(2) P(2)-Ag(2)-P(3) 165.10(10) 
Ag(3)-F(9) 2.796(9) P(6)-Ag(3)-P(5) 156.83(9) 
  C(1)-P(1)-Ag(1) 109.2(3) 
Complex 2b 
 
Ag(1)-P(1) 2.4224(18) P(1A)-Ag(1)-P(1) 168.20(9) 
Ag(2)-P(2) 2.4416(19) P(2B)-Ag(2)-P(2) 149.97(9) 
Ag(1)-O(1) 3.014(18) Ag(2)-O(2) 2.783(9) 
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2.2.3 Solution Dynamics  
 
The results of the structural studies clearly show that the crystallization of the 
product is dependent on the solvent and the anion. Coordination polymer and discrete 
metallacyles are isolated in CH3CN/ether and CH2Cl2/ether, respectively. A special 
case is complex 3b which is crystallized in a mixture of CH3CN/CH2Cl2/ether. An 
obvious question is why coordination polymer is invariably crystallized out in 
CH3CN, regardless of the anions. What is the origin of the solvent dependence of 
product formation? Is there a dynamic exchange between different silver complexes 
in solution? To gain insight into the solution structures of the complexes, a variable 
temperature (VT) 31P{1H} NMR spectroscopic study  of the complexes in CD3CN and 
CD2Cl2 was performed.  
 
2.2.3.1 VT 31P{1H} NMR in CD3CN 
 
Despite their structures, the 31P{1H} spectra of 1, 2a, 2b, 3a, 3b and 4 in CD3CN 
at room temperature are highly similar, all show a broad signal at δ ~ 3. No distinct 
splitting of the signal due to 107/109Ag–31P coupling is discerned in the spectra. 
Figures 2.12-2.17 are the VT 31P{1H} NMR spectra of 1a, 2a, 2b, 3a, 3b and 4, 
respectively.  
The 1H NMR spectra of the complexes show two multiples at 7.89-7.92 and 6.83-
6.86  which are attributable to H1,4,5,8 and H2,3,6,7 of the anthracenyl, respectively. The 
1H NMR signals are well resolved. On the other hand, the 31P signals are broad. This 
suggests there is a fast exchange between different species in solution and the 
exchange mainly involves formation and dissociation of Ag-P bonds. 
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Figure 2.12  VT-31P{1H} NMR of complex 1 
in CD3CN 
in CD CN. 
Figure 2.13   VT-31P{1H} NMR of complex 2a 
in CD3CN 
 





   
Figure 2.15 VT-31P{1H} NMR of complex 
3a in CD3CN 
 
Figure 2.16  VT-31P{1H} NMR of complex 3b 
in CD3CN 
Figure 2.17   VT-31P{1H} NMR of complex 
 4 in CD3CN 
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The 31P NMR spectra of the silver complexes display similar temperature 
dependence: lowering the temperature from 298 K to 278 K leads to appearance of 
two broad peaks which become three peaks at 258 K. Further decrease in temperature 
to 238 K gives rise to two well resolved double doublets of different intensities. The 
two signals show characteristic 107Ag-P and 109Ag-P couplings. The coupling 
constants and chemical shifts of the signals are similar for all of the complexes (see 
Table 2.4 for the chemical shifts and coupling constants of the signals). In the 238 K 
spectra of 1, 2a,b and 3a,b, the high field signals (δ 4.50−4.55) are weaker than the 
low field signals (δ 1.23-1.43). On the other hand, the high field signal (δ 4.42) in the 
spectrum of complex 4 is more intense than the low field signal (δ 1.19).  
 
2.2.3.2 VT 31P{1H} NMR in CD2Cl2 
 
Only the spectra of 2b, 3b and 4 can be recorded in CD2Cl2 as the polymeric 1, 
2a and 3a are not soluble in the solvent. The 31P NMR spectra of the complexes 
(Figures 2.18, 2.19 and 2.20 for 2b, 3b and 4, respectively) are drastically different 
from the corresponding spectra recorded in CD3CN. Instead of showing a single broad 
signal, the room temperature spectra of all of the complexes display a sharp signal 
with 107/109Ag-31P couplings. The chemical shifts of the three signals are different, 
being δ 3.72, 5.13, 4.02 for 2b, 3b and 4, respectively. On the other hand, the JAg-P 




Figure 2.18 VT-31P{1H} NMR of complex 2b in CD2Cl2 
 
Figure 2.19 VT-31P{1H} NMR of complex 3b in CD2Cl2. 
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Figure 2.20 VT-31P{1H} NMR of complex 4 in CD2Cl2. 
 
 The three spectra also show different temperature dependent behaviors. For the 
spectrum of complex 2b, there is a sharp signal at δ 3.72 (J107Ag-P/J109Ag-
P: 515/599Ηz) (see Figure 2.18 marked as 1) at room temperature and lowering the 
temperature from 300 K to 273 K leads to appearance of two new signals (see Figure 
2.18 marked as 2 and 3). The chemical shifts (J107Ag-P and J109Ag-P) of the signals 2 
and 3 are 7.28 (496Hz, 572Hz) and 5.65 (465Hz, 595Hz). On the other hand, the 
original signal at δ 3.72 shifts to δ 4.42 (537Hz, 610Hz). Further decrease in 
temperature broadens the signal at δ 3.72 while the new signals at δ 7.28 and δ 5.65 
remain sharp. At 193 K, the signal at δ 3.72 further transforms to two sharp double 
doublet peaks. The chemical shifts (J107Ag-P and J109Ag-P) of the signals are 0.89 
(504Hz, 584Hz) and 0.25 (522Hz, 603Hz). In the case of 3b, decreasing the 
temperature from 300 K to 273 K gives rise to a weak signal at δ 3.23. The two 
signals merge into two broad peaks at 233 K and several doublet signals appear 
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between δ -3.72 to 9.51 which cannot be resolved at 193 K. Unlike in the other two 
spectra, the signal of 4 is broadened as the temperature is lowered from 300 K to 233 
K but the spectrum shows no new signals. The spectrum is not well resolved even at 
193 K as two broad signals at δ 3.0 and 0.3. The 31P{1H} NMR data of all of the 
complexes are summarized in Table 2.4. 
 
Table 2.4 31P{1H} NMR data of complex 1, 2a, 2b, 3a, 3b and 4 
In CD3CN δ(J107Ag-31P, 
J109Ag-31P) Hz 
In CD2Cl2 δ(J107Ag-31P, 
 J109Ag-31P) Hz 
Complexes 
 300 K 238 K   300 K 193 K  
Complex 1 3.26(broad) 4.52(458,515) 
1.43(438,500) 
- - 
Complex 2a 3.20(broad) 4.53(454,523) 
1.24(431,504) 
- - 
Complex 3a 3.23(broad) 4.55(454,526) 
1.19(435,504) 
- - 





Complex 3b 3.23(broad) 4.50(453,520) 
1.23(434,501) 
5.13(526,607) Eight unresolved doublet 
signals between -3.72 to 9.51 
Complex 4 2.48(broad) 4.42(454,519) 
1.19(435,500) 
4.02(522,603) Two broad peaks at 3.0, 0.3 
 
_ 










2.2.3.3 Proposed Fluxionality 
It is rather difficult to deduce the precise mechanism for the fluxionality of the 
silver complexes as the only information is VT 31P{1H} NMR. The 1H NMR results 
are of little use because the exchange does not affect the signals. The ESI-MS of the 
complexes measured in acetonitrile show peaks that are attributable to fragments of 
polymer (ESI-MS (m/z assignment): 654.3, [Ag(µ-PAnP)]nn+; 926.9, [Ag2(µ-
PAnP)3]2+; 1201.0, [Ag(µ-PAnP)2]+; 1745.4, [Ag(µ-PAnP)3]+) but no peaks are 
ascribable to the metallacycles 2b, 3b and 4 (Figure A42-45). The results indicate the 
presence of polymeric structures like those of 1, 2a and 3a in solution. Nonetheless, 
the existence of metallacycle(s) in the solution cannot be ruled out even though the 
complex(es) could have low ionizability or poor stability under the conditions 
required for the mass spectrometric measurements. One of the important observations 
is that regardless the structures of the complexes in solid state, discrete metallacycles 
or polymers, all of the spectra are similar: all display a broad peak at room 
temperature which is resolved into two signals with distinct 107/109Ag-31P couplings. 
More important, the signals of the four complexes have essentially the same chemical 
shifts and coupling constants. These findings argue strongly that the fluxional process 
involves two species and the solutions of the four complexes contain the same species. 
 It is not certain what the two exchanging species are. As the helical polymers 
are obtained from the CH3CN/ether solutions of the products of all of the four 
reactions, it is reasonable to assume that the one of the exchanging species is the 
polymer. All of the silver metallacycles are isolated from CH2Cl2/ether solutions 
except the molecular box 2b which is crystallized from CH3CN/CH2Cl2/ether. The 
two silver ions in the complex are coordinated to the two CH3CN molecules. More 
important, the PF6- ions are not included in the cavity of the complex, suggesting that 
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the anion has no templating effect on the formation of the complex. In other words, it 
is possible for complexes with different anions to adopt the same structure as 3b. On 
the basis of these observations, we propose that the other exchange involves the 
helical polymer and the dimeric [Ag2(PAnP)2(CH3CN)2](X)2 (X = OTf, ClO4, PF6 and 
BF4), or it can be described as a reversible polymerization of the dimeric complex. A 
possible scenario starts with dissociation of a Ag-P bond in the dimeric complex 
which gives rise to an intermediate A (Scheme 2.2). The bond cleavage is assisted or 
triggered by the coordination of an acetonitrile molecule to the silver ion. The 
intermediate A contains a Ag ion at its head and a uncoordinated P atom at its tail, and 
intermolecular head-to-tail coordination of the intermediates, followed by substitution 




























P P X = OTf-, ClO4-, BF4- or PF6-
Intermediate A
+n L






=   PAnP L = CH3CN
 
 
Our proposal requires conversion of the tetrameric 2b and trimeric 4 to either 
dimeric [Ag2(PAnP)2(CH3CN)4](ClO4/BF4)2 or polymeric 
[Ag(PAnP)(CH3CN)(ClO4/BF4)]n once they are dissolved in CH3CN. That all the 
spectra recorded at room temperature show a single broad peak with no JAg-P 
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splitting suggests that the exchange between the dimer and the polymer involves the 
cleavage of Ag-P bond and formation of an intermediate that contains uncoordinated 
phosphorus atom(s), such as the intermediate in the proposed mechanism. Despite the 
stability provided by the coordination of acetonitrile to the silver center, the free 
energy of the intermediate A should be significantly higher in energy than that of the 
dimer and the helix as only the signals of the two species are observed at 238 K. 
The fluxionality of the silver complexes in CD2Cl2 is more complicated. First, 
different complexes show different temperature dependent behaviors. Second, as 
shown by the low temperature spectra, there are more than two species participate in 
the exchange in the solutions of complexes 2b and 3b. The fluxional process in the 
solution of complex 4 appears to be simpler as there are only two species involved (δ 
3.0 and δ 0.3). The ESI-MS of the complexes measured in dichloromethane do not 
provide much information about the identity of the exchanging species. All 
metallacycles were found not only (AgnPAnPm)n+ (ESI-MS (m/z assignment): 654.3, 
[Ag(µ-PAnP)]nn+; 926.9, [Ag2(µ-PAnP)3]2+; 1201.0, [Ag(µ-PAnP)2]+; 1745.4, [Ag(µ-
PAnP)3]+ the fragments of the polymers or metallacycles which lose all anions but 
also [Ag2(PAnP)2(X)]+ (X=PF6-, ClO4- or BF4-), [Ag3(PAnP)3X]2+ and 
[Ag4(PAnP)4(X)2]2+ the fragments of polymers or metallacycles with anion(Figure 
A46-48). Nonetheless, all of the three VT 31P NMR spectra share a common feature, 
which is a sharp double doublet signal at room temperature. On the other hand, the 
spectra of the complexes recorded in acetonitrile at room temperature display a single 
broad band. It suggests that the Ag-P dissociation and formation in the dynamic 
equilibrium in dichloromethane are faster than the NMR timescale. It is rather 
reasonable because unlike acetonitrile, dichloromethane is a very poor ligand and 
could not stabilize intermediate arising from Ag-P cleavage, such as the intermediate 
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A proposed for the exchange in acetonitrile. To avoid such a high energy 
intermediate, the Ag-P bond formation and dissociation in dichloromethane could 
happen concomitantly. For example, one can conjure a minimalistic picture of the 
dynamic exchange in the dichloromethane solution of tetrameric 2b which involves 
the ring fusion and fission (2 dimer ⇔ tetramer, tetramer + dimer ⇔ 2 trimeric) as 























































Similar equilibrium could exist in the solution of 3b. However, only two species 
are observed at 193 K for 4. It is a possible exchange process is fusion of two trimeric 








All of the complexes display intense solid state emission. The spectra are shown 
in Figure 2.21. 
 
Figure 2.21 Solid state emission Spectrum of complex 1-4. 
 
All of the complexes display emission peak at 480 nm with excitation at 415 
nm. This emission is assigned to the ligand-centered pi-pi* fluorescence.  
 
2.3 Experimental Section 
2.3.1 Synthesis of {[Ag(µ-PAnP)(CH3CN)][OTf]∙0.5CH3CN}n (1) 
A 5 ml CH3CN solution of AgOTf (52 mg, 0.20 mmol) was added into a 50 ml 
CH2Cl2 solution of PAnP (110 mg, 0.20 mmol) under N2. The mixture was stirred for 
2 h in dark. Addition of Et2O to the concentrated solution precipitated yellow solids. 
Yield: 73%. Crystals were obtained from CH3CN/Et2O. Anal. Calcd for 
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C42H32.5AgF3N1.5O3P2S: C, 58.31%; H, 3.79%. Found: C, 57.89%; H, 3.49%.  
31P{1H} NMR spectrum  (CD3CN, 121 MHz): δ  3.26 (broad). 1H NMR spectrum 
(CD3CN, 300 MHz): δ  7.91-7.87 (m, 4H), 7.52-7.25 (m, 20H), 6.86-6.82 (m, 4H). 
ESI-MS (m/z assignment): 654.3, [Ag(µ-PAnP)]nn+; 926.9, [Ag2(µ-PAnP)3]2+; 1201.0, 
[Ag(µ-PAnP)2]+; 1745.4, [Ag(µ-PAnP)3]+. 
2.3.2 Synthesis of {[Ag(µ-PAnP)(CH3CN)][ClO4]}n (2a) and [Ag(µ-
PAnP)]4[ClO4]4∙4CH2Cl2 (2b) 
The preparation of complex 2a was similar to that of complex 1. Yield: 77%. 
Complex 2a {[Ag(µ-PAnP)(CH3CN)][ClO4]}n was crystallized form CH3CN/ Et2O 
solution of the product obtained from the reaction of AgClO4 and PAnP. Anal. Calcd 
for C80H62Ag2Cl2N2O8P4: C, 60.44%; H, 3.93%. Found: C, 59.52%; H, 3.74%. 
31P{1H} NMR spectrum (CD3CN, 121 MHz): δ  3.20 (broad). 1H NMR spectrum 
(CD3CN, 300 MHz): δ  7.91-7.88 (m, 4H), 7.52-7.24 (m, 20H), 6.86-6.82 (m, 4H). 
ESI-MS (m/z assignment): 654.3, [Ag(µ-PAnP)]nn+; 835.3, [Ag3(µ-PAnP)4]3+; 926.9, 
[Ag2(µ-PAnP)3]2+; 1201.0, [Ag(µ-PAnP)2]+. Complex 2b [Ag(µ-
PAnP)]4[ClO4]4∙4CH2Cl2  was obtained by the crystallization from a CH2Cl2/ Et2O 
solution of the product obtained from the reaction of AgClO4 and PAnP. Anal. Calcd 
for C156H120Ag4Cl12O16P8: C, 55.84%; H, 3.60%. Found: C, 55.43%; H, 3.51%.  
31P{1H} NMR spectrum (CD2Cl2, 121 MHz): δ  3.72 (d, 515 Hz (J107Ag-p), 599 Hz 
(J109Ag-p)). 1H NMR spectrum (CD2Cl2, 300 MHz): δ  7.91-7.88 (m, 4H), 7.52-7.25 
(m, 20H), 6.85-6.82 (m, 4H). ESI-MS (m/z assignment): 654.3, [Ag(µ-PAnP)]+; 
1031.0 [Ag3(µ-PAnP)3(ClO4)]2+; 926.9, [Ag2(µ-PAnP)3]2+; 1201.0, [Ag(µ-PAnP)2]+; 
1408.6, [Ag2(µ-PAnP)2(ClO4)] + or [Ag4(µ-PAnP)4(ClO4)2]2+. 
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2.3.3 Synthesis of {[Ag(µ-PAnP)(CH3CN)][PF6]}n (3a) and [Ag(µ-PAnP) [Ag(µ-
PAnP)(CH3CN)4]2[PF6]2∙1.5Et2O∙0.35CH2Cl2 (3b) 
Similar to the other reactions of AgX and PAnP, the reaction of AgPF6 and PAnP 
led to the formation of a yellow product. Yield: 70%. Complex 3a {[Ag(µ-
PAnP)(CH3CN)][PF6]}n was crystallized from a CH3CN/ Et2O solution. Anal. Calcd 
for C80H62Ag2F12N2P6: C, 57.16%; H, 3.72%. Found: C, 56.44%; H, 3.39%. 31P{1H} 
NMR spectrum (CD3CN, 121 MHz): δ  3.23 (broad). 1H spectrum NMR (CD3CN, 
300 MHz): δ  7.91-7.88 (m, 4H), 7.52-7.25 (m, 20H), 6.85-6.82 (m, 4H). ESI-MS 
(m/z, assignment): 654.3, [Ag(µ-PAnP)]+; 926.9, [Ag2(µ-PAnP)3]2+; 1201.0, [Ag(µ-
PAnP)2]+. Complex 3b [Ag(µ-PAnP)(CH3CN)4]2[PF6]2∙1.5Et2O∙0.35CH2Cl2 was 
crystallized from a CH3CN/CH2Cl2/ Et2O solution of the product obtained from the 
reaction of AgPF6 and PAnP. Anal. Calcd for C90.45H83.90Ag2Cl10.70F12N4O1.5P6: C, 
48.07%; H, 3.74%. Found: C, 48.41%%; H, 3.62%. 31P{1H} NMR spectrum (CD3CN, 
121 MHz): δ  3.23 (broad). 31P{1H} NMR spectrum (CD2Cl2, 121 MHz): δ  5.13 (dd, 
526 Hz (J107Ag-p), 610 Hz (J109Ag-p)). 1H NMR spectrum (CD2Cl2, 300MHz): δ  7.96-
7.93 (m, 4H), 7.62-7.38 (m, 20H), 6.68-6.65 (m, 4H). ESI-MS (m/z, assignment): 
654.3, [Ag(µ-PAnP)]+; 926.9, [Ag2(µ-PAnP)3]2+; 1201.0, [Ag(µ-PAnP)2]+; 1054.3, 
[Ag2(µ-PAnP)2(PF6)] + or [Ag4(µ-PAnP)4(PF6)2]2+  
2.3.4 Synthesis of [Ag(µ-PAnP)]3 [BF4]3∙4Et2O∙CH3OH (4) 
The preparation of complex 4 was similar to that of 1, but with AgBF4 (39mg, 
0.20mmol) and PAnP (110mg, 0.20mmol). Yield: 87%. Anal. Calcd for 
C131H127Ag3B3F12O5P6: C, 61.67%; H, 5.02%. Found: C, 59.73%; H, 4.13%. 31P{1H} 
NMR spectrum (CD3CN, 121 MHz): δ  2.48 (broad). 31P{1H} NMR spectrum 
(CD2Cl2, 121 MHz): δ  4.02 (d, 522 Hz (J107Ag-p), 603 Hz (J109Ag-p)). 19F NMR 
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spectrum (CD2Cl2, 282 Hz):  δ  -84.3(s). 1H NMR spectrum (CD3CN, 300 MHz): 
δ  7.92-7.89 (m, 4H), 7.52-7.22 (m, 20H), 6.86-6.83 (m, 4H). ESI-MS (m/z, 
assignment): 654.3, [Ag(µ-PAnP)]+; 1025.1, [Ag3(µ-PAnP)3(BF4)]2+; 926.9, [Ag2(µ-
PAnP)3]2+; 1201.0, [Ag(µ-PAnP)2]+; 1561, [Ag2(µ-PAnP)2(PF6)] + or [Ag4(µ-
PAnP)4(PF6)2]2+ 
2.3.5 X-ray Crystallographic Analysis. 
The diffraction experiments were carried out on a Bruker AXS SMART CCD 3-
circle diffractometer with a sealed tube at 23°C using graphite-monochromated Mo 
Kα radiation (λ = 0.71073 Å). The software used were SMART43a for collecting 
frames of data, indexing reflection, and determination of lattice parameters; SAINT43a 
for integration of intensity of reflections and scaling; SADABS43b for empirical 
absorption correction; and SHELXTL43c for space group determination, structure 
solution, and least-squares refinements on [F]2. The crystals were mounted at the end 
of glass fibers and used for the diffraction experiments. Anisotropic thermal 
parameters were refined for the rest of the non-hydrogen atoms. The hydrogen atoms 
were placed in their ideal positions. A brief summary of crystal data and experimental 
details are given in Table 2.1. Crystallographic data of complex 1: 
C42H32.5AgF3N1.5O3P2S, for the 22737 reflections collected, 7077 were independent 
(Rint = 0.0667). Index range: -16 ≤ h ≤ 16, -11 ≤ k ≤ 11, -33 ≤ l ≤ 33. Refinement of F2 
converged with R1 = 0.0664 for I > 2σ(I) and wR2 = 0.1698. The residual electron 
density is 2.196 and -0.614 e.Å-3. Complex 2a: C80H62Ag2Cl2N2O8P4, for the 23875 
reflections collected, 7791 were independent (Rint = 0.0432). Index range: -11 ≤ h ≤ 
12, -18 ≤ k ≤ 18, -31 ≤ l ≤ 28. Refinement of F2 converged with R1 = 0.0708 for I > 
2σ(I) and wR2 = 0.1853. The residual electron density is 3.699 and -0.409 e.Å-3. 
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Complex 3a: C80H62Ag2F12N2P6, for the 20514 reflections collected, 6151 were 
independent (Rint = 0.0432). Index range: -11 ≤ h ≤ 11, -17≤ k ≤ 17, -19 ≤ l ≤ 28. 
Refinement of F 2 converged with R1 = 0.0520 for I > 2σ(I) and wR2 = 0.1233. The 
residual electron density is 1.448 and -0.379 e.Å-3. Complex 3b: 
C90.45H83.90Ag2Cl10.70F12N4O1.5P6, for the 51160 reflections collected, 16104 were 
independent (Rint = 0.0280). Index range: -22≤ h ≤ 19, -22 ≤ k ≤ 21, -30 ≤ l ≤ 30. 
Refinement of F 2 converged with R1 = 0.0412 for I >2σ(I) and wR2=0.1158. The 
residual electron density is 0.822 and -0.308 e.Å-3. Complex 4: 
C131H127Ag3B3F12O5P6, for the 35625 reflections collected, 17538 were independent 
(Rint = 0.0609). Index range: -18≤ h ≤ 18, -46 ≤ k ≤ 45, -25 ≤ l ≤ 19. Refinement of F 2 
converged with R1 = 0.0660 for I > 2σ(I) and wR2 = 0.1513. The residual electron 
density is 0.891and -0.412 e.Å-3. Complex 2b: C156H120Ag4Cl12O16P8, for the 43028 
reflections collected, 6714 were independent (Rint = 0.0925). Index ranges: -20 ≤ h ≤ 
23, -40 ≤ k ≤ 43, -51 ≤ l ≤ 51 Refinement of F 2 converged with R1 = 0.0843 for I > 








































3.1 General Method 
 
 All the syntheses were carried out in N2 atmosphere with standard Schlenck 
techniques. 9,10-bis(diphenylphosphino)anthracene (PAnP) 12e and Au2(µ-PAnP)Cl2 29 
were synthesized according to the reported method. KAuCl4 was purchased from 
Oxkem. AgCF3SO3, AgPF6, AgClO4, AgBF4, Me2S, and 4,4’-bipyridine were 
purchased from Aldrich and used without being purified. 9-substituted anthracenes, 
anthracene, 1,4-dimethoxybenzene, naphthalene, phenanthrene, biphenyl, and pyrene, 
btained from Aldrich, were purified by recrystallization from hot ethanol. All the 
solvents used were purified according to the literature procedures.37 The soft-ware 
program Kaleidagraph version 3.5 was used to carry out the nonlinear least-squares 
regression on data of the NMR and fluorescence titrations.  
 
3.2 Physical Methods  
 
UV-vis absorption and fluorescence spectra were recorded on a Hewlett-Packard 
HP8452A diode array spectrophotometer and a Perkin-Elmer LS50B 
spectrofluorophotometer, respectively.  The pathlength of the   emission  cell  is    1 
cm.  To maximize the signal, a mirror was installed in the sample holder facing the 
detector. Accordingly, roughly half of the emitted light entering the detector has an 
optical path length of ~0.5 cm and the optical path length for the other half of the 
emitted light was reflected by the mirror and has an optical pathlength of ~ 1.5 cm. 
The averaged optical pathlength for the emitting light is therefore ~1 cm. 
Luminescence quantum yield was referenced to anthracene in chloroform (Φstd = 































where Φem is the radiative quantum yield of the sample, Φstd  is the radiative 
quantum yield of the standard, I and Istd are the integrated emission intensities of the 
sample and standard, A and Astd are the absorbances of the sample and standard at the 
excitation wavelength, and n and nstd are the refractive indexes of the sample and 
standard solutions (pure solvents were assumed).1H and 31P{1H} NMR spectra were 
recorded on a Bruker ACF 300 spectrometer. Elemental analyses were carried out in 
the department of chemistry, National University of Singapore. Electrospray 
ionization mass spectra (ESI-MS) were measured on a Finnigan MAT 731 LCQ 
spectrometer. Solid state reflectance spectra are recorded on Shimadzu  UV-2401  
spectrophotometer  equipped  with  a  solid  state  sample holder. The samples were 
prepared by grounding the crystals of the compounds in nujol. Cyclic voltammetry 
was performed in a conventional two-compartment electrochemical cell with 
deaerated acetonitrile containing 0.1 M tetrabutylammonium hexafluorophosphate as 
electrolyte. The glassy carbon disk working electrode (area 0.07 cm2) electrode was 
treated by polishing with 0.05 µm alumina on a microcloth and then sonicated for 5 
minutes in deionized water followed by rinsing with acetonitrile used in the 
electrochemical studies. An Ag/AgNO3 (0.1 M in CH3CN) electrode was used as 
reference electrode whereas a platinum wire was used as the counter electrode. The 
half-wave potential (E1/2) values are the average of the cathodic and anodic peak 
potentials for the oxidative and reductive waves of reversible couples.39a The potential 
of the complex was always referred to the half-wave potential of the 
ferrocenium/ferrocene (Cp2Fe+/0) couple as the internal reference39b.  
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3.3 Determination of the Solubility of the Aromatic Guests 
 
 The solubility of the aromatic guests was determined by UV-vis absorption 
spectroscopy. First, the absorbance of pi→pi* band of the aromatic guests was 
calibrated against their concentrations. Second, saturated solutions of the aromatic 
guests were then prepared by adding the large excess of the compounds to volumetric 
flasks containing 5 mL CH3CN until solids appear. 1 mL saturated solution was 
pipetted out and diluted to 50 mL or 100 mL. UV-vis absorption spectra of the diluted 
solutions were measured to give the absorbance of the pi→pi* bands. The 
concentrations of the compound in the saturated solutions were then determined from 
the calibration curves. 
 
3.4 Modified Job’s Plot 
 








ratio ranging from 0 to 1 were prepared. The 
sum of [G]t and [H]t was kept constant in all the solutions. The chemical shift (δG) of 
certain guest protons were monitored by 1H NMR spectroscopy. The stoichiometry of 
the host-guest complexation was determined from the x-coordinate at the maximum in 
a modified Job’s plot in which the y-axis is [G]t(δ G− oGδ ) ( oGδ = chemical shifts of the 











3.5 1H NMR Titrations 
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  The binding constant KNMR (eq 1 and 1.1) for the host-guest complexation 
were determined by 1H NMR titrations. 
 
[H]   +   [G]
KNMR
[H G]
[H]t = [H] + [H G]







GHK •=    eq. 1.1 
 
In the titrations, the total concentration of the guest [G]t is fixed while the total 
concentration of the host [H]t is varied. The binding is monitored by the chemical 
shifts of the protons of the guests. To minimize systematic errors, the titrations were 





 is in the 
range of 0.8 > p > 0.2. For a typical titration, the concentration range of [H]t was 
calculated based on [G]t and the estimated KNMR. The chemical shift δG of certain 
protons of the guest is plotted against [H]t. The binding constant KNMR, and the 
chemical shift difference (∆δG) between the free guest ( oGδ ) and the complexed guest 

















GHB ++=  eq. 2.1 
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∆δH for the host protons were also determined by similar least square fittings. 
In the cases of weakly binding guests, the shifts were very small and the ∆δH were 
estimated as the largest chemical shifts observed in the titrations. 
 
3.6 Fluorescence Quenching Studies 
 
 The emission spectra of CH3CN solutions containing the same concentration 
of 1·(OTf)4 [H]t but different concentrations of the aromatic guests [G]t were 
recorded. The excitation wavelength was chosen to be 420 nm so as to minimize the 







 ratio (IH and oHI  are the emission intensities of the host in the 
presence and absence of the guest, respectively) was plotted against the concentration 
of the guest [G]t and the binding constants KQ were obtained by fitting by nonlinear 
least-squares regression with the equation 3 where kH•G and kH are constants related to 




















  eq. 3 
 
In the quenching of the emission of the guests by the hosts, solutions 
containing the same concentration of the guest but different concentrations of 
1·(OTf)4 were prepared and the emission spectra of the solutions were measured 
under the same experimental conditions. The intensity of the guest emission at the 
wavelength λ in the presence (IG) and absence ( oGI ) 1·(OTf)4 was recorded. The data 
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were best-fitted by a modified Beer’s Law (equation 4)42 where ε is the extinction 








×= ε  eq. 4 
 
 
3. 7 Crystallographic Data and Refinement Parameters 
 







Table 3.1   X-ray crystal data of Au2(µ-PAnP)(NO3)2·0.5Et2O, 1·(OTf)4·4.8H2O, (1•An)·(OTf)4, (1•Py)·(OTf)4·CH2Cl2 and (1•BrAn)·(OTf)4·Et2O 
Compounds Au2(µ-PAnP)(NO3)2·0.5Et2O 1·(OTf)4·4.8H2O (1•An)·(OTf)4 (1•Py)·(OTf)4·CH2Cl2 (1•Br-An)·(OTf)4·Et2O 
empirical 
formula 
C40H33Au2N2O6.5P2 C100H81.6Au4F12N4O16.8P4S4 C114H82Au4F12N4O12P4S4 C117H84Au4Cl2F12N4O12P4S4 C118H91Au4BrF12N4O13P4S4 
fw 1101.56 2866.40 2967.82 3076.77 3121.85 
T (K) 223(2) 193(2)  295(2)  295(2)  295(2)  
cryst. syst. orthorhombic Monoclinic monoclinic monoclinic orthorhombic 
Space group Pccn C2/m C2/m C2/m Pnnm 
a (Å) 21.247(3) 28.242(4) 28.3090(1) 28.406(2) 27.4266(2) 
b (Å) 18.090(2) 24.405(4) 24.2881(1) 24.2350(2) 21.6592(2) 
c (Å) 20.065(2) 10.3082(16) 10.6225(5) 10.7465(8) 23.6470(2) 
α (deg) 90 90 90 90 90 
β (deg) 90 96.392(3) 95.2530(1) 94.496(2) 90 
γ (deg) 90 90 90 90 90 
V (Å3) 7712.4(16) 7060.7(19)  7273.1(6)  7375.3(9)  14047.2(16)  
Z 8 2 2 2 4 
Calcd. ρ (kg/m3) 1.897 1.348  1.355  1.385  1.476  
µ (mm-1) 7.733 4.311  4.186  4.165  4.622  
F(000) 4216 2765 2876 2984 6060 
reflections 
collected 
97103 28608 21459 21784 280600 
independent 
reflections 
8863 6390  6586  6659  12675  
goodness-of-fit  1.055 0.968 1.040 0.941 1.051 
R1a 0.0530 0.0748  0.0659 0.0705 0.0661 
wR2a 0.1215 0.2187 0.2158 0.1948 0.2082 
 
aR1 =(||Fo|- |Fc||)/(|Fo|); wR2 = [w(Fo2 - Fc2)/w(Fo4)]1/2; bGOF = [(w(Fo2- Fc2)2/(n-p)]1/
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aR1 =(||Fo|- |Fc||)/(|Fo|); wR2 = [w(Fo2 - Fc2)/w(Fo4)]1/2; bGOF = [(w(Fo2- Fc2)2/(n-p)]1/2 
Table 3.2. Crystal Data and Structure Refinements For Compound 1, 2a, 2b, 3a, 3b and 4 
Compound 1 2a 2b 3a 3b 4 
Empirical formula C42 H32.50 Ag F3 N1.50 
O3 P2 S 
C80 H62 Ag2 Cl2 N2 O8 
P4 
C156 H120 Ag4 Cl12 O16 
P8 
C80 H62 Ag2 F12 N2 P6  C90.45 H83.90 Ag2 Cl0.70 
F12 N4 O1.50 P6 
C131 H127 Ag3 B3 F12 
O5 P6 
Formula weight 865.07 1589.84 3355.16 1680.88 1905.29 2551.19 
Temperature(K) 223(2) K 223(2)  223(2)  223(2)  293(2)  223(2)  
Crystal system Monoclinic Orthorhombic Orthorhombic Orthorhombic Orthorhombic Monoclinic 











































V(Å3) 4011.0(11)  3399.0(4)  30466.9(18)  3497.5(3)  8958.3(7) 12195.7(19)  
Z 4 2 8 2 4 4 
Density (calculated) 
(g/cm3) 
1.433  1.553  1.463 1.596  1.413  1.389  
Absorption 
coefficient(mm-1) 
0.688   0.810 0.862  0.777  0.638 0.627   
F(000) 1756 1616 13568 1696 3882 5228 
Independent 
reflections 
7077 [R(int) = 
0.0667] 
7791 [R(int) = 
0.0432] 
6714 [R(int) = 
0.0925] 
6151 [R(int) = 
0.0433] 
16104 [R(int) = 
0.0280] 
17538 [R(int) = 
0.0609] 
No. of parameters 
varied 
477 433 462 461 1106 1181 
Largest diff. peak and 
hole ( e.Å-3) 
2.196 and -0.614 3.699 and -0.409 1.786 and -1.092 1.448 and -0.379 0.822 and -0.308 0.891 and -0.412 
Final R indices 
[I>2sigma(I)]a 
R1 = 0.0664, wR2 = 
0.1698 
R1 = 0.0708, wR2 = 
0.1853 
R1 = 0.0843, wR2 = 
0.2108 
R1 = 0.0520, wR2 =  
0.1233 
R1 = 0.0412, wR2 = 
0.1158 
R1 = 0.0660, wR2 = 
0.1513 
Goodness-of-fit on F2  
(GOF)b 
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Potential, mV vs. FcH+ /FcH
 
Figure A1 Cyclic voltammogram of the ligand PAnP. Solvent: CH3CN (0.1M n-
Bu4NPF6), working Electrode: glassy carbon, counter electrode: platinum wire, 
reference electrode: Ag/AgNO3 (0.1M in CH3CN) electrode. 
 

















Potential, mV vs. FcH+ /FcH
 
Figure A2 Cyclic voltammogram of the ligand 4,4’-bipyridine. Solvent: CH3CN 
(0.1M n-Bu4NPF6), working Electrode: glassy carbon, counter electrode: platinum 








Figure A3 Crystal packing diagram of (1⊃An)·(OTf)4 showing the open channels 
and the 2-D mosaic on the ab-plane. Hydrogen atoms and anions are omitted. Inset 







Figure A4 Crystal packing diagram of (1⊃Py)·(OTf)4·CH2Cl2 showing the open 
channels and the 2-D mosaic on the ab-plane. Hydrogen atoms, anions and CH2Cl2 
molecules are omitted. Inset shows the complementary edge-to-face Ph-Ph 






Figure A5 1H NMR spectral change upon addition of 1·(OTf)4 to a CD3CN 
solution of Dmb. The 1·(OTf)4 and Dmb protons are labeled in blue and red, 






Figure A6 1H NMR spectral change upon addition of 1·(OTf)4 to a CD3CN 
solution of Bip. The 1·(OTf)4 and Bip protons are labeled in blue and red, 





Figure A7 1H NMR spectral change upon addition of 1·(OTf)4 to a CD3CN 
solution of Nap The 1·(OTf)4 and Nap protons are labeled in blue and red, 






Figure A8 1H NMR spectral change upon addition of 1·(OTf)4 to a CD3CN 
solution of Phen. The 1·(OTf)4 and Phen protons are labeled in blue and red, 






Figure A9 1H NMR spectral change upon addition of 1·(OTf)4 to a CD3CN 
solution of Br-An. The 1·(OTf)4 and Br-An protons are labeled in blue and red, 







Figure A10 1H NMR spectral change upon addition of 1·(OTf)4 to a CD3CN 
solution of CO2H-An. The 1·(OTf)4 and CO2H-An protons are labeled in blue and red, 





Figure A11 1H NMR spectral change upon addition of 1·(OTf)4 to a CD3CN 
solution of MeO-An. The 1·(OTf)4 and MeO-An protons are labeled in blue and red, 





Figure A12 1H NMR spectral change upon addition of 1·(OTf)4 to a CD3CN 
solution of NC-An. The 1·(OTf)4 and NC-An protons are labeled in blue and red, 






Figure A13 1H NMR spectral change upon addition of 1·(OTf)4 to a CD3CN 
solution of Py. The 1·(OTf)4 and Py protons are labeled in blue and red, respectively. 



























Figure A14 Chemical shift of H2,3,5,6 (δG) of Dmb as a function of the 




















Figure A15 Chemical shift of H3,3’,5,5’ (δ G) of Bip as a function of the 
























Figure A16 Chemical shift of H1,4,5,8 (δ G) of Nap as a function of the 























Figure A17 Chemical shift of H1,8 (δG) of Phen as a function of the concentration 






















Figure A18 Chemical shift of H10 (δG) of Br-An as a function of the concentration 





















Figure A19 Chemical shift of H2,3,6,7 (δG) of CO2H-An as a function of the 
























Figure A20 Chemical shift of H2,3,6,7 (δ G) of MeO-An as a function of the 























Figure A21 Chemical shift of H,3,6, (δ G) of NC-An as a function of the 




















Figure A22 Chemical shift of H2,7 (δG) of Py as a function of the concentration of 































Figure A23 Emission spectral change upon addition of Nap to a CH3CN solution of 



























Figure A24 Emission spectral change upon addition of Phen to a CH3CN solution 
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Figure A25 Emission spectral change upon addition of Br-An to a CH3CN solution 





























Figure A26 Emission spectral change upon addition of CO2H-An to a CH3CN 
solution of 1·(OTf)4. Excitation wavelength = 420 nm, excitation and emission slit 




























Figure A27 Emission spectral change upon addition of Py to a CH3CN solution of 






















Figure A28 Emission titration curve upon addition of Nap to a CH3CN solution of 
1·(OTf)4. Line shown is the least-square fit using the equation 2. oHI  and IH are the 




















Figure A29 Emission titration curve upon addition of Phen to a CH3CN solution of 
1·(OTf)4. Line shown is the least-square fit using the equation 2. oHI  and IH are the 























Figure A30 Emission titration curve upon addition of Br-An to a CH3CN solution 
of 1·(OTf)4. Line shown is the least-square fit using the equation 2. oHI  and IH are the 






















Figure A31 Emission titration curve upon addition of CO2H-An to a CH3CN 
solution of 1·(OTf)4. Line shown is the least-square fit using the equation 2. oHI  and IH 

























Figure A32 Emission titration curve upon addition of Py to a CH3CN solution of 
1·(OTf)4. Line shown is the least-square fit using the equation 2. oHI  and IH are the 













Figure A33 UV-vis absorption spectra of CH3CN solutions of 1·(OTf)4 (conc. = 2.0 
mM, black) and Nap (conc. = 8.0 mM, blue), the sum of the two spectra (red), and the 













Figure A34 UV-vis absorption spectra of CH3CN solutions of 1·(OTf)4 (conc. = 2.0 
mM, black) and Phen (conc. = 8.0 mM, blue), the sum of the two spectra (red), and 












Figure A35 UV-vis absorption spectra of CH3CN solutions of 1·(OTf)4 (conc. = 2.0 
mM, black) and An (conc. = 8.0 mM, blue), the sum of the two spectra (red), and the 












Figure A36 UV-vis absorption spectra of CH3CN solutions of 1·(OTf)4 (conc. = 2.0 
mM, black) and Br-An (conc. = 8.0 mM, blue), the sum of the two spectra (red), and 











Figure A37 UV-vis absorption spectra of CH3CN solutions of 1·(OTf)4 (conc. = 2.0 
mM, black) and CO2H-An (conc. = 8.0 mM, blue), the sum of the two spectra (red), 





Figure A38 Beer’s plot of the emission intensity of Phen (IG) at 400 nm vs the 
concentration of 1·(OTf)4 ( oGI  is the emission intensity in the absence of the host). 
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Figure A39 Beer’s plot of the emission intensity of Br-An (IG) at 400 nm vs the 
concentration of 1·(OTf)4 ( oGI  is the emission intensity in the absence of the host). 
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Figure A40 Beer’s plot of the emission intensity of CO2H-An (IG) at 430 nm vs the 
concentration of 1·(OTf)4 ( oGI  is the emission intensity in the absence of the host). 
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Figure A41 Beer’s plot of the emission intensity of Py (IG) at 400 nm vs the 
concentration of 1·(OTf)4 ( oGI  is the emission intensity in the absence of the host). 
The slope is 16483 M-1cm-1 and the extinction coefficient of 1·(OTf)4 at 400 nm is 
17085 M-1cm-1. 
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Figure A42 ESI-MS of complex 1 in CH3CN 
  
Figure A43 ESI-MS of complex 2a in CH3CN..  
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Figure A44 ESI-MS of complex 3a in CH3CN.  
 
Figure A45 ESI-MS of complex 4 in CH3CN.  
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Figure A46 ESI-MS of complex 2b in CH2Cl2. 
 
































Treatment of Disorders 
 
Disorders were observed in various compounds, mainly involving the anions and 
solvents. The details of their treatments are presented in the following sections. 
Treatment of disorder in compound 1⋅(OTf)4 
As shown in Figure 3.1, the CF3 of the OTf- was disordered over two locations 
with occupancies 0.5 and 0.5. 
 
Figure 3.1 Diagram showing disorder in 1⋅(OTf)4 
 
Treatment of disorder in compound (1•Br-An) (OTf)4·Et2O 
As shown in Figure 3.2, the Br in the guest 9-bromoanthracene was disordered 
over two locations with occupancies 0.55(Br(1)) and 0.45(Br(1A)). 
 
Figure 3.2 Diagram showing disorder in 1⋅(OTf)4 
Treatment of disorder in compound (1•Py)·(OTf)4·CH2Cl2 
 182 
As shown in Figure 3.3, the pyrene guest was disordered over two locations with 
occupancies 0.5 and 0.5. 
 
Figure 3.3 Diagram showing disorder in (1•Py)·(OTf)4·CH2Cl2 
Treatment of disorder in compound 2b 
As shown in Figure 3.5A, the Cl and one of the O of ClO4- are disordered with 
occupancies 0.5 and 0.5.  As shown in Figure 5.5B, one of the Cl of the 
dichloromethane molecules in the crystal structure are disordered over two locations 
with the occupancies of 0.5 and 0.5. 
A                                       B 







Diagram showing disorder in compound 2b 
 
Treatment of disorder in compound 4 
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As shown in Figure 3.4, the fluorine atoms of the BF4- are disordered with the 
occupancies of 0.6( F(5), F(6), F(7), F(8)) and 0.4(F(5A), F(6A), F(7A), F(8A)). 
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